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ABSTRACT 
The work described in this thesis deals primarily with 
the studies on high temperature oxidation, decarburization and 
decarburization-oxidation behaviour of iron-base alloys. Dec-
arburization in a low oxygen potential atmosphere such as 
H2-H2O is a conventional technique to produce low carbon steels 
for electromagnetic application. Decarburization is also 
important in liquid sodium or liquid sodivun and lithium cooled 
nuclear power plants. High temperature oxidation of steels 
involve scaling (formation of oxide layer) and decarburization 
(carbon loss) during oxidation; in such a type of decarburiza-
tion disruption of otherwise protective scales occurs resulting 
in faster oxidation rates. Oxidation of steels is a common 
phenomenon in high temperature applications such as boilers, 
tubes, evaporators, condensers, reheaters and other components 
in power generating plants and in similar applications. It 
has been shown that the dispersion of transition metal carbi-
de(s) lowers greatly the oxidation rates of steels. Also, the 
presence of transition metal oxide or rare earth oxide influ-
ences significantly the oxidation rates of steels. 
The development of some new type of high temperature 
materials such as oxide-dispersion strengthened or carbide 
dispersion strengthened alloys or ceramic metal composite 
materials made it necessary to study the oxidation and decar-
burization behaviour under simulated conditions of energy 
(ii) 
generation or conversion units, chemical plants, desalination 
plants, petroleum refinary plants etc. 
The multiphase alloy systems used for the oxidation 
and decarburization studies have been chosen taking into con-
sideration the importance of above mentioned materials in high 
temperature applications. The alloy system consist of plain 
iron-carbon alloys, commercial alloy steels, transition metal 
carbide dispersed iron-base sintered alloys, rare earth oxide 
and reactive-oxide-containing transition metal carbide dis-
persed iron-base sintered alloys and chromium-containing 
carbide-dispersed iron-base sintered alloys. The entire stu-
dies were focussed primarily on the role of carbide dispersoids 
on the oxidation/decarburization behaviour of iron-base alloys 
in absence or presence of reactive metal oxide additions. 
Chapter I 
Chapter I includes a brief literature survey pertaining 
to the high temperature oxidation and decarburization of iron-
base alloys. Effects of various alloying additions, chromium, 
carbon and other reactive elements and their oxides have been 
dealt in detail. 
Reference from research papers, reports, reviews and 
conference proceedings are cited and special emphasis has been 
laid to the work which has direct or indirect bearing on the 
studies described in this thesis. It is possible that some 
(iii) 
results of important or remarkable studies might have left 
unquoted in the introduction quite inadvertently yet there 
was absolutely no intention to undermine those works. 
Chapter II 
Chapter II describes the materials, instrumental faci-
lities and methods/procedures used and followed during the 
cotirse of this study. 
While the model Fe-C alloys were casted, the carbide-
dispersed iron-base alloys, with or without alloying additions, 
were prepared by standard compacting and sintering techniques. 
Some structural and heat resistant alloy steels used during 
the oxidation and decarburization studies were commercially 
procured. 
The oxidation, decarburization, and oxidation of decar-
burized alloys were carried out in O2 (l atm.) and H^-H^O 
(Pp. ^ atm.) atmospheres. Argon (g) and nitrogen (g) 
were used during sintering. All the gases were of 99.9 '/ 
purity. 
The oxidation kinetic studies were carried out in an 
all glass-laboratory fabricated apparatus using a quartz 
helical-cathetoscope arrangement for measuring weight changes. 
The same apparatus was i:ised for decarburization studies in 
wat er-s aturat ed H2 (g). 
The microstructural studies were carried out using 
(iv) 
Photometallurgical Microscope and Scanning Electron Micro-
scope. The constituents in the oxidized/decarbiarized alloys 
were identified by X-ray diffraction analysis. 
Chapter III 
Chapter III includes the studies on the decarburization 
and oxidation behavioiir of plain carbon steels (containing 0.1, 
0.8 and 1.2 wt. '/. carbon) at 700 , 800 , 900 and 1000°C. The 
oxidation studies were carried out in 02(g) at 1 atm. pressure 
and decarburization studies were performed in H2-H2O atmos-
phere (p„ ~ 10-^3 atm.). 
°2 
The kinetics of the oxidation of plain and decarburized 
iron-carbon alloys were measured. The weight gain versus time 
plots were found to be generally parabolic indicating the ope-
ration of a diffusion controlled mechanism during oxide growth. 
The oxidized, decarbiirized, decarburized-oxidized and 
plain specimens (in as cast condition) were examined under 
photometallurgical and scanning electron microscopes. The 
presence of different constituents in the matrix and/or scales 
were identified by conventional X-ray diffraction analysis. 
The morphological features of the scales on plain carbon 
steels were similar irrespective of carbon contents. The oxide 
scales found on decarburized-oxidized alloys were quite similar 
to those formed on undecarburized-oxidized alloys. However, 
the scales formed on decarburized-oxidized alloys were relatively 
(v) 
thicker, porous and more fragile. 
The presence of carbon greatly lowers the oxidation 
rates of the alloy,however, the dependence on carbon content 
was some what complex. At 700°C, Fe-1.2C alloy has the 
highest oxidation rate and 0.1 '/ C alloy has the lowest oxi-
dation rate. However, at higher temperatxares the behaviour 
is reversed and Fe-O.lC alloy has the highest oxidation rate. 
Such a behaviour can be explained on the basis of alloy phase 
structure and morphology of the oxide scales. 
The steels decarburized in H2-H2O showed well defined 
decarburized layers, the thickness of decarburized layer 
increases with increase in alloys carbon content or exposure 
time. The decarburized layers wer§ ferritic in nature. 
Chapter IV 
This chapter contains the results of the oxidation and 
decarburization studies carried-out on Fe-IOMC, where MC is a 
transition metal carbide e.g. TiC, VC, NbC, TaC, CryC^, MoC, 
WC or Fe^C-lO wt. '/. The main aim of the investigation was to 
examine the behaviour of carbide dispersion during decarbxjriza-
tion or/and oxidation. 
Three different types of studies were carried out : 
(i) the alloys were decarburized in H2-H2O (Pq ^^ atm.) 
at 900°C for 6-7 hrs., 
(vi) 
(ii) the alloys were decarburized for 5 hrs. and were then 
oxidized in 02(g) atm.) at 900°C, the kinetic of 
oxidation was studied, 
(iii) the alloys were oxidized in 02(g) (1 atm.) for 8 hrs. 
and during this period oxidation kinetic was also 
measured. 
The morphology of the oxide scales and nature of the 
alloy substrates or decarburized layers were studied through 
microstructural investigations involving optical and scanning 
electron microscopes. 
The different constituents present in the oxide scales 
were identified by X-ray diffraction analysis. 
The weight gain versus time plots obtained during the 
oxidation of Fe-IOMC alloys, were xjsually parabolic indicating 
the operation of a diffiision controlled mechanism during oxi-
dation. The oxidized alloys invariably form multilayered 
oxide scales, the innermost layers mainly consist of spinal 
or mixed oxide followed by porous layers containing oxides 
of iron, Fe20^ constituting the outermost layer, the carbides 
were also incorporated in the inner scales. In some alloys, 
a metal oxide layer containing was also present. 
The oxide scales formed on predecarburized-oxidized 
alloys were much thinner than the corresponding undecarburized 
oxidized alloys although the composition and structure of the 
(vii) 
scales were not much different. 
The oxidation rates of \mdecarburized Fe-IOMC alloys 
arranged according to decreasing parabolic rates follows the 
sequence j 
VC < NbC < Cr^C^ < TaC < MoC < TiC < WC < Fe^C 
The plain Fe-IOMC alloys showed a dispersion of car-
bides in the ferrite matrix. On decarburization H2-H2O atmos-
phere, the micrestructure of decarburized Fe-IOMC alloys 
showed a marked increase in the amount of ferrite and a corres-
ponding decrease in the carbide concentration. The decarbu-
rization rate (in terms of wt, loss/area) follow the sequence: 
TaC < TiC < Fe^C < NbC < Cr^C^ < WC < VC < MoC 
The decarburization during oxidation of Fe-IOMC alloys 
occurred due to decomposition of carbide and its extent depends 
upon the thermal stabilities of different carbides in presence 
of an oxidant. The thermal stabilities of different carbides 
was compared in terms of the standard free energy of the oxida-
tion reactions. The calculated values of aG° can be arranged 
in the following sequence (in increasing order) : 
WC > MoC ~ TiC > Fe^C > TaC > Cr^C^ -- NbC > VC 
The sequence was similar to the oxidation rate sequence with 
the notable exception of Fe^C. 
(viii) 
The values of parabolic rate constants, Kp for the 
oxidation of decarburized Fe-IOMC alloys follow the sequence 
(in increasing order) : 
TiC > TaC > CVrjC^  > MoC > Fe^C > WC > NbC > VC 
With a few exceptions, the rate constant sequence was quite 
similar to that observed for the oxidation of undecarburized 
Fe-IOMC alloys. The oxidation rates of decarburized Fe-IOMC 
alloys were about 2-3 magnitude lower than the corresponding 
undecarburized alloys. Probably two factors were responsible 
for a phenomenal lowering in the oxidation rates of decarbu-
rized alloys. Firstly, a thin protective oxide film was 
formed during decarburization in H^-H^O atmosphere, which 
retards the mobility of carbon atoms and secondly, the pre-
sence of a fine carbide dispersion in an austenitic matrix 
which considerably reduces the level of decarburization during 
oxidation and in consequence assists in retaining the integrity 
of oxide scales. 
Chapter V 
Chapter V deals with the decarburization and oxidation 
studies on Cr-containing carbide-dispersed iron-base alloys. 
Alloys of the general composition Fe-10MC-0.1C-20Cr containing 
10 wt. y. of the carbide : TiC, Cr^C^, NbC or WC ; 0.1 wt. '/. 
carbon and 20 wt. y. chromium were prepared by sintering. The 
alloys were oxidized and decarburized in O2 (1 atm.) and 
(ix) 
H2-H2O (Pq^ atm.), respectively at 900°C. 
All the alloys oxidized followed a parabolic rate law 
indicating a diffusion controlled mechanism operated during 
oxidation. The WC-containing alloy oxidized at the lowest 
rate and CryC^-containing alloy at the fastest rate. There 
were three important morphological features of the oxidized 
alloys. An internal Cr^O^ was formed as a separate phase 
along with a ferritic phase, CryC^ was present as a dispersion 
but mainly concentrated at the ferritic polygonal grain boun-
daries and a Cr20^/Fe0.Cr20^ layer was present invariably at 
the alloy/scale interface. These three factors were probably 
responsible for relatively low oxidation rates of those alloys. 
In decarb\jrized alloys there was no well defined decar-
burized layer but there were evidence of decarburization from 
microstructure. The microstructure showed the presence of 2 
phase, the light phase represented ferrite and a dark phase 
represented Cr-rich iron solid solution, the carbide particles 
were dispersed in both the phases. Some Cr was oxidized to 
Cr^O^ in the ferritic phase. 
The decarburized Fe-10MC-0.1C-20Cr alloys were further 
oxidized at 900°C in O2 (l atm.). With the exception of NbC-
containing alloys, the decarburized alloys oxidized at a 
slightly higher rate than the undecarburized alloy. The 
formation of a protective chromium oxide layer seems to restrict 
greatly the oxidation rates of mdecarburized alloys. However, 
(x) 
it is to be noted that the values of oxidation rates of 
mdecarburized and dedarburized Fe-10MC-0.1C-20Cr alloys 
were very similar. 
Chapter VI 
Chapter VI describes the influence of rare earth oxide 
additions on the oxidation and decarburization behaviour of 
carbide-dispersed iron-base sintered alloys. 
Alloys of the general composition : Fe-lOMC-O.lC-
1.0RE20^ containing 10 weight '/. of metal carbide (CryC^, NbC 
or WC), 1.0 wt. /. of rare earth oxide (La^O^, Pr20^, or 
and 0.1 wt. */. of carbon were prepared by compacting and 
sintering techniques. 
The weight gain vs time plots obtained during the kine-
tics of oxidation of plain as well as decarb\irized alloys were 
parabolic indicating the growth of oxide layers through diffu-
sion. 
The Fe-10MC-0.1C-1.0RE205 sintered alloys have agglome-
ration of carbides at the grain boundaries. During decarbu-
rization this agglomeration remains undisturbed. On oxidation, 
internal oxidation of the carbide depleted phase occurs and the 
oxidation product, FeO was present either admixed with carbide 
or as a discrete phase adjacent to the grain bomdaries. Oxi-
dation rates of Fe-10MC-0.1C-RE20^ sintered alloys were largely 
dependent on the extent of internal oxidation. Thus WC-
(xi) 
containing alloys have relatively very little internal oxi-
dation rates. The oxidation rates of Fe-10MC-0.1C-1.0RE20^ 
in undeoarburized and decarburized states were much lower 
than the corresponding Fe-IOMC alloys. This showed that the 
presence of rare earth oxides played an important role in 
restricting the oxidation rates of the alloy. However the 
oxidation rates of RE20^-containing alloys were slightly 
higher than the corresponding 20 '/ Cr-containing alloys 
(Chapter V). It was obvious from these observations that 
the presence of internal Cr20^ network at the grain boundaries 
limits the transportation of Fe or any elanent and therefore 
restricts the oxidation rates. In WC-containing alloys, the 
higher thermodimamic stability of WC towards oxidation plays 
an important role. 
The influence of RE20^ on the oxidation of alloys was 
not fully understood, but they do play some role in lowering 
the oxidation rates either affecting the mobility of carbon 
or providing more adherent nonporous oxide scales. 
Chapter VII 
The influence of a reactive oxide (Ti02 or Zr02) on 
the decarburization and oxidation behavioiar of carbide-
dispersed iron-base sintered alloys has been discussed in this 
chapter. 
Sintered alloys of the general composition : Fe-IOMC-
(xii) 
0.101.0Mb2 (where MC is NbC, CryC^ or WC and M is Cr, Nb 
or W and M^is Zr or Ti) were decarbuirized in H2-H2O (p^ .—• 
atm.) and oxidized in O2 (l atm.)* 
In general, the weight gain Vs time plots were parabo-
lic, indicating the diffusion-controlled growth of oxide 
scales. The oxidation rates of undecarburized Fe-lOWC-O.lC-
1.0Zr02/Ti02 alloys were the lowest and the corresponding 
NbC-containing alloys have the highest rate. A similar trend 
was observed in Fe-IOMC and Fe-10MC-0.1C-1.0RE202 alloy system. 
In the decarburized-oxidized state, Fe-10WC-0.1C-1.0Zr02 alloy 
has the lowest oxidation rate and Fe-10NbC-0.1C-l,0Ti02 has 
the highest rate. In general, NbC-containing alloys have 
invariably higher oxidation rates than other carbide-containing 
alloys. 
In most cases, the oxidation rates of Fe-lOMC-O.lC-
l,0Zr02/Ti02 were very slightly higher than the corresponding 
rare earth oxide-containing alloys. However, like RE20^-
containing alloys, Zr02/Ti02-containing alloys in undecarbirrized 
and decarburized states have oxidation rates much lower than 
(1-2 order of magnitude) than the corresponding Fe-IOMC alloys 
(Chapter IV). 
The results of oxidation kinetic and morphology of the 
oxidized alloys indicate that the presence of Zr02 or Ti02 in 
the matrix greatly restricts the oxidation rates of Fe-IOMC 
alloys like the corresponding RE20^-containing alloys. Zr02 
(xiii) 
or TiO^ inclusions act as deterents to the transport of metal 
during oxidation. The rare earth oxides have a slight edge 
over TiO^ or ZrO^ as far as adherence and compactness of the 
scales are concerned. 
Chapter VIII 
This chapter describes the oxidation and decarburiza-
tion behaviour of some industrial steels, viz. silver steel, 
die steel, high speed steel (HSS) containing 18 and 6 wt. '/• ¥, 
EN-36, EN-31, EN-24 and EN-9, at 900°C in 1 atmospheric oxygen 
and H2-H2O mixture ( P q a t m . ) respectively. 
The phase structure of the alloys and morphology of the 
oxide scales have been investigated on the basis of optical 
and scanning electron microscopic studies. 
The oxidation kinetic in general followed a parabolic 
rate law. With a few exceptions, the oxidation rates of 
undecarburized alloy steels are slightly lower than the prede-
carburized-oxidized steels. Amongst the undecarburized and 
predecarburized alloy steels, EN-9 has the highest oxidation 
rate followed by EN-31 alloy steel, high speed steel (18 '/. W) 
and die-steels, the latter showed the lowest rate. The 
increasing oxidation rate sequence for the different alloys: 
EN-9 > EN-31 > silver steel > EN-24 > EN-36 > high speed steel 
(5 W) > die-steel > high speed steel (18 W). 
(xiv) 
The alloy steels on decarburization showed a well 
defined decarburized layers and an increase in the ferrite 
contents of the alloys. The tickness of the decarburized 
layer increases with increasing carbon contents. However a 
deviation was fomd in some cases probably due to the vary-
ing concentration of the carbides like Cr^C^, MoC or WC in 
the alloy matrix. 
The alloy phase structwe and the morphology of the 
oxide scales seem to influence the oxidation rates of the 
alloys. The alloys forming chromia scales and containing dis-
persion of carbides in the matrix have relatively lower oxi-
dation rates. The plain carbon steel (EN-9) or low chromium 
steels (EN-24, -31 and -36) form copious oxide scales mainly 
comprised of iron oxides. 
A plot of parabolic rate constant, Kp Vs (Cr+C) '/ for 
different alloy showed that, with some exception, the oxida-
tion rate decreases with increasing (Cr+C) '/ content, this 
indirectly indexed the influence of chromium carbide and other 
transition metal carbides on the oxidation rates of the alloys. 
The carbon loss sequence for different alloys during a 
k hr. decarburization run in H2-H2O atmosphere was : 
High speed steel (18 •/. W) < EN-31 < high speed steel 
(6 •/. W) < EN-24 < silver steel < EN-9 -- EN-36<die steel 
Alloys containing no or very small carbide concentration showed 
(xv) 
well defined decarburized layer. The decarburized layer was 
usually ferrite containing dispersion of carbides. 
The oxidation rates of the decarburized alloys were 
slightly higher than the undecarburized alloys. This could 
be explained on the basis of the oxidation of decarburized 
layer which was ferritic in nature, the layer oxidizes at a 
much higher rate than the carbide dispersed ferrite matrix 
present in the mdecarburized alloys. Such a behaviour has 
also been reported in decarburized carbide dispersed Fe-5M-C 
alloys (where M is a transition metal), which oxidize at a 
much higher rate than the corresponding undecarburized alloys. 
However, a reverse behaviour has been observed in case of 
Fe-IOMC iron-base sintered alloys, where decarburized alloys 
have higher oxidation rates. 
CHAPTER I 
INTRODUCTION 
1.1 oxidation 
1.1.1 Oxidation of Metals 
Due to their typical electronic configurations almost 
all the metals (with the possible exception of gold) have the 
tendency to react with the environment at ambient temperatures 
forming metal oxides. The rate of oxide formation increases 
with increasing temperature. The oxide forms on the metal may 
be continuous or discontinuous, adhered or unadhered and por-
ous or non poroias. The oxide scales which are compact, non-
porous and adhered to metal or alloy are called protective 
scales. A limited number of metals such as Cr, Al, Si, Ti etc. 
form protective oxide films in true sense. A crude way of 
determining the tendency of a metal to form protective oxide 
scales is to test by Pilling and Bedworth criterion where the 
ratio of the volume of oxide to the volume of the metal con-
sumed should be greater than 1. However, factors such as 
surface condition of the metal, mechanical and thermal stre-
sses, nature of the oxidant etc. also influence greatly the 
protective nature of the oxide film. 
The selection of a vast number of structural materials 
for high temperature applications is based upon the formation 
of a protective oxide film(s), this film once formed acts as 
an impervious barrier against further oxidation provided the 
integrity of the film is maintained. A selected band of 
materials fulfil this condition and include metals such as Cr, 
Al, Si, Ti, Ni etc. or the alloys based on these metals or 
the alloys containing these metals as major alloy additions. 
The oxidation kinetic of a metal or an alloy forming a 
protective oxide film is usually governed by a parabolic rate 
law. The oxide growth on a metal occurs through cation and 
anion diffusion. As early as Wagner proposed his parabolic 
equation for the oxidation of metals. When a metal is expo-
sed to oxygen, reaction will take place provided the oxygen 
pressure is greater than the pressure required for the metal 
oxide equilibrium, namely 
and 
M + 1/2 O2 = MO (1) 
1/2 
(P ) = exp (+ AG° /RT) (2) 
^2 M-MO "" 
where (P^ ^ ) is the oxygen presstire of the metal oxide 
^2 M-MO 
equilibrium, is the standard free energy of formation 
of the oxide MO, and T is the absolute temperature. The 
equilibrium oxygen pressure for most metals with the excep-
tion of precious metals are very small at the temperatures 
and consequently the thermodynamic conditions are favourable 
for oxide formation in many gas environments encountered in 
practice. Oxide scales are therefore developed upon metals 
exposed to oxygen at elevated temperatures. When these sca-
les are macroscopically dense, exhibit predominant electronic 
conditions and adheres uniformally to the metal surface, the 
oxidation rate expressed in terms of specimen weight change 
(the oxidation may also be expressed in terms of oxide scale 
thickness or thickness of metal consumed) is given by 
d(Am/A) (3) 
dt Am/A 
where Am is weight change, A is the specimen area, t is time 
and Kp is the parabolic rate constant. The important feature 
of this relationship is that the oxidation rate decreases with 
time since the oxide scale acts as a barrier which inhibits 
oxidation by separating the reactants. If the oxide scale is 
non-protective, it does not inhibit subsequent oxidation and 
the oxidation rate is given by 
d(Am/A) 
= K (4) 
dt ^ 
where K^ is linear rate constant. The oxides of metal foll-
ow other rate laws in addition to the parabolic (eqn. 3) and 
linear (eqn. 4) expressions^. However, when one is primarily 
concerned with oxidation resistance, consideration of these two 
rate laws is sufficient. 
In considering the oxidation of alloys, eqn. (l) and 
(2) must be modified as follows : 
M ^ + 1/2 O2 = (5) 
i = 1,2, ... number of elements in 
alloy 
and 
(p _ exp (.AGgyRT) ^^^ 
where j^jj^  is the activity of M^ in the alloy. Hence upon 
exposxare to oxygen, oxides of all elements in the alloy will 
be formed providing the oxygen pressxzre in the gas is greater 
than the equilibrium pressure defined by eqn. (6). Even th-
ough numerous oxide phases are usually formed upon alloys 
during the initial stages of oxidation, there is competition 
between the elements for oxygen since some of the oxides are 
more stable than others. Hence it is necessary to consider 
reactions such as 
M^O + M2 = M2O + M^ (7) 
with a M 
2 
= exp - (8) 
Equation (8) shows that the thermodynamic conditions for 
oxide formation are controlled by the activities of the meta-
llic components in the alloy, the pressure of the oxygen in 
the gas and the relative affinities of the metallic elements 
for oxygen. As a result of this competition between the 
elements in the alloy for oxygen, there is a tendency for the 
alloy eventually to become covered with most thermodynamica-
lly stable oxide. This is an especially fortunate circums-
tance because it permits the selective oxidation of essentia-
lly one element in the alloy. The oxide scales that are 
formed on alloys are very often composed of layers with the 
more thermod3mamically stable oxides close to the alloys. 
Even when only one oxide scale is evident upon an alloy, 
examination of the scale during the very early stages of oxi-
dation often shows the formation of the less stable oxides. 
The oxidation of alloys often therefore consist of a transient 
o 
stage during which a variety of oxides are formed This 
initial stage is followed by another stage where only the 
thermodynamically stable phases continue to grow. Kinetic 
factors play a significant role in detennining which of the 
oxide phases continue to grow. 
During the very early stages of oxidation virtually 
all oxides are formed. As oxidation continues diffusion 
begins to take place and displacement reactions begin to 
occur. The important diffusion species are oxygen into the 
alloy and the outward diffusion of elements in the alloy. In 
case where oxygen diffuses rapidly compared to the metallic 
elements, the volume fraction of oxide is approximately equal 
6 
to that of the element in the alloy becaiise the element is 
converted to oxide in situ with virtually no diffusion. On 
the other hand, when oxygen diffusion is slow compared to 
that of elements in the alloy, the volume fraction of the 
oxide can be substantially greater than that of the element 
in the alloy beca\ase of diffusion of the element from the 
interior towards the oxidation front. When the volume frac-
tion of a given oxide achieves some critical value it is 
more favourable to form additional oxide via lateral growth 
rather than to form new oxide deeper within the alloy, and 
hence for such critical volume fractions the oxide will then 
develop a continuous layer over the surface of the alloy. 
In summary, the development of oxides on alloys can be des-
cribed as sequential process. Initially many oxides are 
formed but then the more thermodynamically stable phases gra-
dually predominate. In order to have total dominance of an 
oxide over the surface of the alloy, this oxide must be more 
stable than any other of the oxides, and the kinetics of for-
mation for this oxide must be such that lateral growth is 
favoured as opposed to the formation of a discontinuous 
subscale. 
1.1.2 Protective and Nonprotective Scales 
Rate of reaction in the later stages of oxidation 
depends on whether the thick film or scale remains continuous 
and protective as it grows, or whether it contains cracks and 
pores and is relatively non-protective. Becaiose reaction 
product films are usually brittle and lack ductility, the 
initiation of cracks depends in some measure on whether the 
film is formed in tension favouring fracture or in compre-
ssion favouring protection. This situation in turn depends 
on whether the volume of reaction product is greater or less 
than the volume of metal from which the product forms . If 
Md/nmD > 1 (9) 
a protective scale forms. 
Where M is the molecxalar weight and D the density of scale, 
m and d are the atomic weight and density of a metal respec-
tively, and n is the number of metal atoms in a molecular 
formula of scale substance. 
1.1.3 Internal and Intergranular Oxidation 
The formation of oxidation products within alloys 
occurs in two forms, which may be identified by the terms 
internal oxidation and intergranular oxidation. The term 
internal oxidation is characterized by the formation of oxi-
dation products at a reaction front that advances uniformly 
into the alloy, independent of microstructural features such 
as grain boundaries. The oxidation products may be present 
as either discrete precipitates or continuous rods, plates 
etc. In the case of intergranular oxidation, formation of 
8 
oxidation products along alloy grain boundaries occurs to a 
greater depth than in the interiors of the alloy grains. 
Heterogeneous precipitation of oxidation products along 
alloy grain boundaries within the zone of internal oxidation 
does not in itself constitute intergranular oxidation. The 
oxidation products in either case may be oxides, sulfides or 
carbides or combinations of two or more such compounds. For-
mation of both the external and internal (intergranular) 
oxidation products usually occurs simultaneously. Intergra-
nular oxidation often accompanies with void formation by 
various mechanism such as vacancy injection from the scale, 
the Kirkendall effect and creep-type processes. 
Wagner's classical model for internal oxidation of 
5 
binary alloys by a single oxidant*^, which has been reviewed 
and extended by others^"^® provides a valuable basis for 
describing the kinetic of internal oxidation and includes 
several special cases. 
(a) The flux of the solute is significant relative 
to that of the oxidant. 
(b) The flux of the solute being oxidized is negli-
gible relative to the flux of the oxidant. 
This model also provides a basis for understanding the 
transition from internal to external oxidation of alloys. 
Wagner was also able to explain quantitatively, based 
on his model for binary alloys, how the addition of a third 
element could promote the formation of an external scale^^. 
Although this model provides some guidelines for understan-
ding the effects of a third element on the transition from 
internal to external oxidation it does not seem to apply to 
all cases. A case in point is the failure of Mn to promote 
12 external Al20^ scales on Fe-Al alloys 
Wagner's model does not take into account the effects 
of a number of variables that may have an important effect 
on the process of internal oxidation. These include alloy 
microstructure (grain size, dislocation, density, presence 
of second phase particles etc.) mechanical properties of 
alloy, the presence of more than one oxidaht, and diffusion 
of metal and/or oxidant along alloy/product interphase boun-
daries and through the oxidation product itself. Work by 
Shida et al.^^ suggests, for example, that stresses generated 
by intergranular oxidation may facilitate further intergranu-
lar oxidation by wedging open grain boundaries of alloys that 
do not easily undergo plastic deformation. The exact mecha-
nism is, however, not clear and the effects of stresses on 
internal and intergranular oxidation generally are not known. 
It has been suggested recently that stresses generated in the 
zone of internal oxidation of Ag-Pd-In-Sn alloys give rise to 
a vacancy flux (Nabarro-Herring Creep) that yields a layer of 
Ag-Pd alloy on the surface of the internally oxidized alloy^^ 
10 
The formation of metallic particles on the surfaces of other 
alloys that have experienced internal oxidation seems to occur 
in the absence of stresses^^ 
17 
Whittle et al. have developed a quantitative model 
to account for diffusion of oxidant through an internal oxi-
dation zone by more than one path, i.e., diffusion in the 
alloy, diffusion along the alloy/product interphase boundary, 
and diffusion within the oxidation product. It appears that 
interphase diffusion may be a major factor in determining the 
kinetics and morphology of internal oxidation. Interphase 
diffusion probably also plays a significant role in inter-
granular penetration. 
Very little is known about the mechanism of intergra-
nular oxidation. Perhaps this is because it occxjrs rarely, 
except for oxidation of solutes present in alloy at low con-
centrations. The formation of intergranular silica occurs, 
for example, during the oxidation of stainless steels con-
taining less than 1 wt. X silicon. The use of very fine 
grained alloys (<10 p®) "to promote formation of closed grain 
boundary loops of silica may provide an effective means for 
inhibiting carbon penetration into such alloys. Thus, fur-
ther studies of the mechanisms of intergranular oxidation 
T T Q 
seem warranted. The work of Shida et al.^' has defined a 
significant number of cases of internal and intergranular oxi-
dation. The shape morphology, size and disposition of oxide 
11 
precipitates require further understanding, following up 
ig the work of Bohm and Kahlweit. 
1.1. Oxidation of Iron 
When iron is exposed to oxygen at temperatures higher 
than 56O°C, a relatively complex reaction system is involved 
due to the formation of multilayered scale comprising of 
wustite (FeO), magnetite (Fe^O^) and haematite (Fe20^). The 
Fe-0 diagram (Fig. l.l) shows that at temperatures above 
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560°C, iron forms three oxides, the lowest valency oxide, 
FeO (wustite), has a NaCl type cubic structure and is metal 
deficient of the order of 5-12 of iron vacancies. Being 
cation conducting it grows entirely by the diffxjsion of iron 
and appears in the form of innermost layer. The second oxide, 
Fe^ O^ ^ (magnetite), has a spinel type structure and is an 
excess oxygen compound. It grows largely by oxide ion diffu-
sion with an appreciable contribution from iron ion diffusion 
(12 %). The highest valency oxide, Fe^O^ (hematite), which 
forms outermost layer of the multilayer scale has rhombohed-
ral crystal structure. It is slightly oxygen deficient, metal 
excess and largely grows by oxide ion diffusion. 
The relative percentage of FeO, Fe^O^ and in 
P I the scales vary with temperature (Fig. 1.2), duration of 
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Fig. 1.2 Relative thickness of Fe20^ and Fe^O^ in the 
scaling of iron in air. 
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oxidation and natiare of oxidizing gas. However, above 500°C, 
FeO is the predominant species and since FeO has more defec-
tive structure than either of the two oxides, iron oxidizes 
much more rapidly above this temperature. Since the three 
oxides are formed simultaneously upon the iron surface and 
the ratio of thickness of three layers is reported to be 
dependent of time and temperature, the mechanism of oxidation 
is not simple and requires several mechanistic approaches at 
various stages of oxidation. Below 560°C, FeO is unstable 
and if any is formed above this temperature it decomposes at 
room temperature into Fe^O^ plus Fe. 
1.1.5 Oxidation of Iron-Base Alloys 
Failure of pure iron to form sufficiently protective 
oxide layer suitable for practical applications at temperatures 
above 500°C, demands the presence of an alloying element which 
has a higher oxygen affinity than iron and where oxide grows 
at a low rate. Generally, Cr or in some cases A1 or Si serve 
this purpose, and when present in sufficient concentrations, 
protective scales of Cr^ O-^ , or Si02 are formed exclusi-
vely. 
At low alloying concentrations, the oxide scales are 
still similar to those on pure iron, with the alloying element 
remaining in solution in wustite and other oxides. The defect 
concentration may be modified, usually increased, resulting in 
14 
change in oxidation rate. At higher concentrations, the 
composition range of FeO becomes restricted and eventually 
disappears as a single phase. Compound oxides with spinel 
structijre are formed of the general type Fe(FeM)0^ where 
M is the alloying element. Often these spinels can exist 
over a range of composition and usually their appearance in 
the scale results in a decrease in the overall oxidation rate. 
At higher concentration still a complete selective oxidation 
may occur with a maximum reduction in the overall oxidation 
rate. 
pp 
Rahmel proposed a reaction mechanism for the oxida-
tion of dilute binary iron alloys with alloying additions 
which are less noble than iron, e.g., V, Cr, Si and Mo. Ini-
tially these alloys oxidize like pure iron resulting in the 
formation of iron oxides. Subsequently oxygen dissolves in 
the alloy phase causing internal oxidation, and because of the 
preferential oxidation of iron, the alloying addition is enri-
ched at the metal/oxide interface. As the oxide of alloying 
addition is formed, this reacts with FeO to form Fe(FeM)0^, 
giving two phase inner layer. 
Fig.(1.5) shows the effect of common alloying elements 
23 
on the oxidation of iron . The factor F represents relative 
weight increment after k hrs. of oxidation at 890°C. 
15 
Fig. 1,3 Effect of Common alloying elements on ox oxidation of iron 
1.1.6 Oxidation of Fe-Cr Alloys 
Protection of the metallic materials in hostile envi-
ronments such as found in energy generating and energy con-
version units might be achieved by growing compact and stable 
oxide scales. Alloying with chromium improves the oxidation 
resistance of iron at high temperatures. The magnitude of 
this improvement depends primarily on the Cr concentration. 
Above 570°C,iron forms three oxides : Fe^O^, and 
Fe^O^ of which (Fe^.^®) constitutes more than 90 '/ of the 
2k oxide scale . Alloying with chromium supresses the forma-
25 tion of wustite. Seybolt showed Cr^O^ is the stable oxide 
16 
when the Cr concentration at the alloy/oxide interface 
exceeds 13 wt. /{. At lower Cr contents the oxidation beha-
vioixr of Fe-Cr alloys is very complex, scales consisting of 
(Fe,Cr)jO^ spinel and various other Fe- and Cr- oxides 
pq 
are formed. Coplan and Cohen^ and others have reported that 
Fe alloys containing more than 16-20 % Cr show excellent oxi-
dation resistance. 
Kahveci^® investigated the oxidation behavioiar and 
microstructure on Fe-3 wt. '/, Cr alloy at 800°C in dry air at 
atmospheric pressure. A change in the oxidation kinetic was 
caused by micro-chemical and micro-structural development in 
the oxide scale. Several layers developed in the oxide scale, 
consisting of an innermost layer of (Fe,Cr)^0^ spinel, an 
intermediate layer of (Fe,Cr)20^ sesquioxide, and the outer 
layers of Fe20^, hematite, each with different morphologies. 
Wustite (Fe^.x®) and distorted cubic oxide (r-(Fe,Cr)20^) 
were observed during the initial parabolic oxidation only. 
Fe-Cr alloys containing less than 20 wt. % Cr exhibit 
several types of scaling behaviour when oxidized in air at 
high temperatures. Thick stratified layers of complex Cr, Fe 
oxides grow at randomly distributed sites on the alloy 
surface^^. They are non-protective and allow the rapid diffu-
sion of reactants through the oxide barrier. Whittle and 
32 
Wood-^  studied the oxidation of Fe-Cr alloys containing 22-68 
wt.y. Cr in oxygen at 800-1200°C. The oxidation decreases with 
17 
increasing Cr contents and the oxide growth is diffusion 
controlled. Bernes^^ on the basis of radio isotopic exchange 
18 
studies, using 0 , showed that bulk oxygen diffusion plays 
a negligible role in the oxidation reaction and cation trans-
port always dominate the scale growth mechanism. Skeldon and 
coworkers investigated the growth mechanism of Or^-^ scale 
formed on piire chromium oxidized at 950°C in oxygen at 1 atm. 
i;ising isotopic tracer techniques. They proposed, initially 
oxide growth occiars entirely by cation diffusion, with new 
oxide being formed at the oxide-gas interface. Then at a 
time that is not the same for all parts of the scale, the 
growth mechanism changes to one in which new oxide is formed 
within the outer part of the scale. 
Kurod et al.^^, investigated the oxides formed on Fe 
and Fe-Cr alloys containing 3-18 wt. */. Cr at 700-800°C and 
v^ 10"^ Pa of by Electron Microscopy. On Fe and Fe-3 wt.*/. 
Cr, wustite and magnetite particles nucleated and grew out of 
the surface. On the alloys containing > 9 wt. X Cr, the 
(Fe,Cr)^0^ spinel nucleated and grew into the metal. Gardiner 
56 
et al. used Raman microscopy to study the nature of corro-
sion products formed on Fe-Cr alloys containing 2-18 wt. */. Cr 
in air at 400-850°C. The oxides Fe20^, Fe^O^, Cr^O^, and 
FeCr^Q^.Fe^Oj^ and Fe^O^ were formed exclusively on pure Fe and 
the 2 and 5 wt. X Cr alloys at all temperature and on 14 wt. */. 
Cr alloy at 400°C. The Ik and 18 wt. '/, Cr alloys formed scales 
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containing Fe.Cr20^ at higher temperatures (600-
850°C). Choi and Stringer^"^ showed that Fe-Cr alloys which 
seem to form protective oxide films in atmospheres containing 
S and 0 luider short term laboratory tests could "be non-
protective under long term exposure test due to accelerated 
corrosion rates caxjsed by breakway corrosion. The breakway 
involves the development of a critical microstructure charac-
terized by considerable intrusions of relatively coarse Cr^O^ 
fingers into the metal substrate. The intriasions also involve 
the progressive oxidation of CrS. This also causes the oxide 
fingers to be porous, allowing gaseous species easy access to 
the reaction front. 
1.1.7 Effect of Reactive Elements on the Oxidation Behaviour 
of Fe-Cr alloys 
The improvement in oxidation resistance of high tempe-
rature alloys as a result of additions of rare earth elements, 
other reactive metals, or dispersions of oxides, has been 
known for many years. Two effects seem to be most important: 
first, the adhesion between scale and alloy is markedly imp-
roved and this increases the alloys resistance to thermal cyc-
ling exposure, secondly, in most cases the actual growth rate 
of the oxide is also reduced. Cr^O^ and Al^O^ are generally 
regarded as the best protective oxides : diffusion through 
them is relatively slow in comparison with most other oxides, 
19 
and since they are also stable, relatively little difficialty 
exists in selecting an alloy which contains sufficient chrom-
ium or aluminixjm to provide, by selective oxidation, a 
protective Cr^O^ or Al2^3 under various service envi-
ronments . 
It was discovered over 50 years ago that additions of 
rare earth metals as a melt deoxidant to nichrome (Ni-20 wt. 
X Cr) heating elements produced substantial increase in their 
•T Q 
life time to failure in cyclic heating and cooling tests , 
the protective oxide was more adherent. Yttrium and scandium 
additions were included in the original patent, and it was 
also shown that by the combined addition of rare earths, 
alkaline earths and carbon, the life of heat resistant alloys 
could be ftirther improved. The amounts of the additions were 
such that 0.01-0.5 wt. /. rare earth, about 0.001-0.05 '/. Ca and 
upto about 0.25 wt. '/ C remained in the finished alloy. 59 
Pfeil indicated that elements from Groups II, III, IV and 
V of the Periodic Table could be used although their effec-
tiveness decreased on passing from group II to group V, but 
increased with increasing atomic mass within a particular 
group. 
ko 
Francis and Whitlow suggested that the oxidation 
rate of an Fe-25Cr alloy is approximately parabolic, that of 
an Fe-25Cr-IV alloy is asymptotic, and after an initially 
fast rate of attack slows down very rapidly. Wood an
20 
41 Boustead indicated similar behaviour of Gd and Y additions 
to Fe-27Cr alloy. However, Y was not able to prevent break-
way attack in Fe-l6Cr alloys at 1200°C, or during thermal 
42 41' 42 cycling , Zirconium and Gadolnium , however, tended to 
increase the time breakway. A 3 wt. '/. (by volume) addition 
of as a fine oxide dispersion was more effective and 
rapid breakway oxidation of Fe-l6Cr at 1100°C was never 
43 
observed. Goncel et al. have studied the effects of Ti02, 
Hf02 and TiN dispersions on the oxidation behaviour of both 
ferritic and austpnitic stainless steels. Each addition 
reduced the overall oxidation rate but the oxide dispersions 
were generally much better than the nitride, and Hf02 better 
than Ti02. 
It has been well known that small additions of reactive 
elements such as Y, Al and Si» singly or together, to Fe-Cr, 
Ni-Cr and Co-Cr alloys play a crucial role in improving their 
oxidation resistance. Although various hypothesis and expla-
nations on improving mechanism have been proposed, the mecha-
nism has not been clearly md^rstood. The significant mecha-
nisms proposed are as follows; 
(a) The oxide layer of the reactive element fomed beneath 
the scale as a physical barrier to inhibit the diffusion of 
metal from alloy to scale and reduces the rate of scale 
growth^^"^^. 
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(b) Diffusion of the elements (Y, A1 or Si) is enhanced by 
52 
changing the properties of the base alloy"^  such as an expan-
sion of the lattice by the addition of elements with a large 
atomic volume. It promotes the formation of the protective 
protective internal oxidation layer of the 
reactive element added together with rare earths. 
(c) A complicated alloy scale interface formed by preferen-
tial oxidation at grain boundary improves the scale adherence, 
ft » 52-54 so called key-on effect . 
(d) Internal oxide particles act as vacancy sinks and absorb 
inward flowing vacancies, thus preventing void formation at 
55—57 the alloy-scale interface ^ . 
(e) Dissolution of additive elements into scale improves the 
sintering and plasticity of the scale and consequently pre-
vents the mechanical failure of the scale^^"^®. 
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Wright and Wilcox had studied the oxidation resis-
tance of Fe-l6Cr alloy containing 0.05 wt. '/. 2r at 1100°C and 
1200°C and reported only a slight effect of zirconium. 
59 
Moroishi et al.^  studied the effect of C, 2r, Ti and Nb on 
the oxidation resistance of Fe-17Cr steels upto 1000°C. They 
found that Zr improves the oxidation resistance of the alloy 
to a great extent. 
Miner and Nagarajan^*^ oxidized a series of iron-base 
alloys containing 18 wt. '/, C and 0.5 to 2 wt. '/. Si in 
22 
41 air, in a ^ ^/Yi^ environment (Pq = 10"" atm.) and corroded 
2 -1 o c 
in a H2/H2O/H2S environment (Pq = lO""^  atm., Pg = atm.) 
after pre-oxidizing in air. They reported that, (i) the sili-
con containing alloys form a subscale of silica when subjected 
to oxidation in air or a low P^ . environment, and it may be 
continuous in the 2 7. silicon containing alloy, (2) in the 
low P^ environment, the amomt of iron in the surface scale 
is relatively low compared to the surface scale produced in 
air, and (3) pre-oxidation improves the corrosion resistance 
(in a coal gasifier environment) of these alloys, but, sulfer 
diffuses through the Cr20^-rich layer. The establishment of 
a silica rich subscale may be necessary to achieve corrosion 
res istance. 
The effect of finely distributed stable oxides such as 
Y^O^, CeO^ other rare earth metal oxides on high tempera-
ture oxidation behaviour of alloys based Ni-Cr, Co-Cr or Fe-Cr 
rsions 
36-72 
61 YI have been well documented . Similar dispersi in pure 
Cr were also shown to modify the oxidation rate" 
73-75 
Nagai et al. reported the oxidation behaviour of 
Fe-20Cr alloys with single additions of rare earths and some 
active elements and sviggested that these elements had two main 
beneficial effects to reduce the oxidation rate. The first 
effect is the stabilization of the Cr20^ scale by dissolving 
the additive element in the scale, which was followed by a 
drop in the dissociation oxygen pressure of the scale, stronger 
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the affinity for oxygen of the alloying element, the greater 
was the extent of the first effect. The second effect is the 
formation of a dense internal oxidation beneath the scale. 
In Fe-20Cr alloys, 0.7 wt. '/. La was found beneficial and with 
0.58 wt. y. Si addition gives better oxidation resistance than 
76 others (Y, Gd, AL, Zr, Ti)' . They further studied the effect 
7 7 7 R 
of La or Y with AL or Si and reported that the oxidation 
resistance of the alloys, Si with La extremely improved, the 
improving effect of the simultaneous additions of rare earths 
with Si was more effective than that of rare earths with Al. 
79 
Nagai et al. reported the isothermal oxidation resis-
tance of Fe-20Cr sintered and hot rolled alloys with 1.0 wt.'/, 
dispersoid of Y^O^, La^O^, Al^O^, Ti02, SiO^ or Cr^O^ in air 
at 1000, 1100 and 1200°C. The effect of La^O^ and dis-
persoids was excellent, while Si02 reduced the rate, the dis-
persoids, Ti02 and Cr20^ showed no beneficial effect on the 
oxidation resistance except for the oxidation after 10 h at 
900°C, however, Al^O^ slightly increases the oxidation resis-
fln 
tance. They further studied the effect of dispersion and 
superficial application of various rare earth oxides (Y^O^, 
La^O^, Ce02, Eu20^, Gd20^) on the isothermal oxidation of 
Fe-20Cr sintered alloys at 1200°C in air. The dispersion of 
La20^, reduced the oxidation, while the 
effect of Eu20^ dispersion was less than of the other oxides. 
The dispersion of CeO^ suppresses the spalling of the scale. 
24 
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Whittle and Stringer suggested that carbides or 
even intermetallic compounds may be used for the development 
of high temperature resistant alloys and generalized the 
following important factors : 
(a) the dispersoid must be very stable so that it does not 
dissociate or dissolve in the matrix, and it is better if it 
does not oxidize, 
(b) it is also better if the dispersoid does not contain the 
constituent that is going to form the protective scale, and 
(c) it is possible to disperse the phase within the matrix 
in the right configuration. 
The influence of carbon on Fe-Cr alloys is very little 
known. Malik and Whittle®^ reported that the carbon content 
decreased the oxidation rate of Fe-C steels with respect to 
pure Fe. By contrast, the higher content of C increases the 
83 oxidation rates of Cr-containing Fe-C alloys . Hajduga and 
BA-
Kucera reported the primary stage oxidation of Fe-Cr alloys 
containing 13 wt. '/. Cr and 0.15-1.63 wt. '/. carbon at 1100°C 
for 3 hr in 4.8 '/. O2-I.2 /. N2-94 t He. It was found that the 
oxidation rate increased with increasing carbon content in 
the alloys. The measured time variation of CO2 evolution 
showed that, during the first period of oxidation (0-40 min.), 
a compact surface layer of FeO formed, which prohibited the 
free transfer of CO2 into the streaming oxidation atmosphere. 
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The measurable CO^ evolution started between 40 and 50 
min. , and the most rapid evolution occurred in the internal 
t = 60-90 min. of oxidation. This effect corresponds well 
to scale layer damage and to the maximum absorption. 
1.1.8 Effect of Alloying Element 
The effect of different alloying elements on the oxi-
dation of iron is described briefly as follows : 
Silicon : Addition of 2-3 wt. '/. Si or more markedly reduces 
the oxidation rate of iron. A Si02-rich inner layer is 
apparently formed which restricts the diffusion rate of Si 
+2 
and hinders Fe diffusion through the SiO^ layer. The lower 
Fe-Si alloys are subjected to internal oxidation. By contro-
lling the oxygen potential initially it is possible to oxi-
dize Si selectively to Si02 at the surface to form a protec-
tive layer but in normal conditions iron oxidizes as well to 
replace protective Si02 by much less protective spinel 
2Fe0.Si02. 
Chromium : The addition of small amounts of chromium (< 3 
wt. y.) somewhat increases the oxidation rate of iron at 
least for short exposures, but for longer exposures the rate 
is gradually reduced. The kinetics of oxidation is governed 
by the formation of spinel layer, Fe.Cr^O^ at the base of 
the alloy together with layers of pores. 
At higher chromium contents the oxidation rate falls 
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at any given temperature. In such alloys a protective scale 
of doped Ct^Qj^ is formed in the initial stages but less 
strongly adhered as interfacial discontinuities and growth 
stresses increase. The underlying metal layer, depleted in 
Cr, is then much less resistant to oxidation and alloy sub-
sequently may show breakway oxidation behaviour. 
Nickel : Small additions of Ni have very little effect on 
the oxidation resistance of iron. There is slight improve-
ment with alloys of higher Ni content. For example, alloy 
with 32-40 wt. y. Ni oxidize 30-40 times less than piore iron 
or about the same extent as pure Ni. 
The oxidation of Fe-Ni alloys (containing upto 36 wt. 
y, Ni) proceeds in two stages : in the first stage oxide 
grows due to the diffvision of Fe^ "^  ions and in the second 
stage the diffusion of oxygen is more rapid than the diffu-
sion of cation due to accumulation of Ni at the metal 
surface®^. Only alloys containing 42 wt. '/. or more Ni, were 
fomd to have Ni in the scale in the form of a spinel NiFe^O^ 
next to the alloy®^. The rate controlling step in the oxida-
tion of these alloys is the diffxasion of cations across the 
spinel which is likely to be less than the diffusion in iron 
oxides, and would account for the improved resistance of 
these alloys. 
Tungsten : Addition of W in iron has an adverse effect on 
the high temperature oxidation resistance properties of 
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xvor?^. This is mainly due to the relatively low melting 
point of WO, (m.p. caTiSing catastropic oxidation. 
Scheill®'^  observed the formation of double oxide FeO-WO^ in 
a Fe-4 wt. '/. ¥ alloy, the compound accumulates in the inner 
scale layer and this probably reduces the tendency of WO^ to 
escape from the oxide layer. Similar behaviour has been 
88 
observed by Malik et al. for Fe-5 wt. '/. ¥ alloy in the tem-
perature range 650-850°C. 
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Titanium; Oxidation resistance of iron is slightly improved 
by the small addition of Ti upto 6 wt. /.. The titanium is 
found in the form of a double oxide FeO.TiO^ near the oxide/ 
metal interface. 
Vanadium : Vanadium causes adverse effect on the oxidation 
resistance of iron due to the presence of low melting point 
23 compoxjnd thus causing catastropic oxidation . 
1,1.9 Oxidation of Fe-C Alloys 
It is a well known fact that iron containing even 
relatively low carbon contents does not form a sufficiently 
protective scale suitable for practical applications at tem-
peratures above 500°C. The presence of carbon in minimal 
amount (s^ 0.1 wt. '/.) is beneficial under high temperature 
conditions but at higher contents the blistering and cracking 
of the otherwise protective scales invariably occur due to the 
evolution of carbonaceous gases. This provides easy passage 
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for the transport of oxidizing gases through the pores and 
voids in the scales resulting in direct contact between metal 
and the gas. Consequently the alloy oxidizes at a faster 
rate. At temperatures above 500°C, the oxidation is even 
faster due to the growth of wustite. 
Numerous have been reported on the oxi-
dation behaviour of iron-carbon alloys. Wagner^ ''' gave two 
general reaction sequences during oxidation of a metal carbon 
alloys : (i) diffusion of carbon to the metal/scale interface 
where it reacts with the scale to produce gaseous carbon oxides 
which may accumulate and cause rupture of the scale and 
(ii) diffusion of carbon through the scale to react with oxy-
gen at the scale/gas interface. The second sequence wo\jld 
allow decarbvirization to take place without scale rupture. On 
the other hand, Langer and Trenkler^® have suggested that 
both carbon and iron may diffuse sufficiently and rapidly 
through the scale to react with the gaseous reactants at the 
oxide/gas interface. 
QQ 
Malik and Whittle^^ studied the influence of carbon on 
the oxidation behaviour of iron-base alloys in the temperature 
range 600-850°C and under flowing air. The oxidation kinetics 
was supplemented by total loss measurements during oxidation. 
The values of parabolic rate constants, Kp for Fe-5M-1.2C 
follow the sequence 
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Fe-Cr-C > Fe-C > Fe-Ti-C > Fe-Ta-C > Fe-Nb-C > 
Fe-V-C > Fe-W-C 
The order gave an indication about the relative stability of 
the various carbides towards oxidation. 
1,2 pecarburization 
1.2.1 Pecarburization of Iron-Base Alloys 
The carbon loss from the surface layers of alloy in 
presence of an oxidizing atmosphere (wet H^ or ©2 at low 
potential) is termed as decarburization. Oxidation of carbon 
is the most important reaction in steel making, because it 
controls the rate of production. In some industrial imits 
working laider low oxygen potential atmospheres, the loss of 
carbon may result in xmsatisfactory performance of engineer-
ing components. For example, the decarburization softens the 
surface layers, the wear resistance is decreased and, in many 
instances there can be a serious drop in fatigue life. How-
ever the decarburization of steel by wet hydrogen at high tem-
perature is an accepted technique in research as well as in 
industry. For example, this technique is used commercially 
in processing low carbon steels for magnetic applications. 
It has been frequently reported^^® that the decarburi-
zation of steels is greatly enhanced by the presence of water 
vapour in hydrogen. During recent years, the decarburization 
of steels in low oxygen potential atmospheres has been a 
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subject of intensive studies. 
At high temperature carbon usually reduces the oxida-
tion resistance of steels due to the evolution of oxides of 
carbon which disrupt the otherwise protective scales. However, 
it could be prevented by introducing metals which can bind 
carbon in the form of stable carbides. A parallel situation 
arises in decarburization too. If the carbon is present in 
the matrix as stable carbide dispersion then most probably the 
carbon loss due to decarburization can be prevented or can be 
reduced to the maximxan extent. Very limited attention has 
been paid on this aspect of the problem and scant information 
is available regarding the role of carbides during decarburi-
zation. The decarburization study of iron-base alloys con-
taining carbide dispersion in H^-H^O atmospheres is thus an 
interesting area of research like its oxidation counterpart. 
Moreover, such study would be helpful in comparing the oxida-
tion and decarburization capability of the alloy with the 
same phase structure in the oxidizing and decarburizing condi-
tions. Since it is not surprising if an industrial alloy 
subjected to high temperature oxidation conditions could also 
be used under decarburizing atmospheres. 
The decarburization of iron carbon alloys depends upon 
special factors namely 
i) temperature 
ii) nature of the gas used for decarburization 
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iii) carbon content 
iv) period of decarbiirization 
v) number and nature of the phases present at the 
decarburization temperature 
vi) rate of scaling if any 
vii) nature of the alloying elements if any. 
1.2.2 Mathematical Evaluation of Decarburized Layer 
Thickness 
Preliminary calculations^®^ on the low carbon portion 
of the Fe-C phase diagram (Fig. 1.4) show that the critical 
temperatvire is in between 727° and 905°C. In this range, the 
alloy contains two phases during heat treatment, ferrite and 
10? 
axistenite. Decarburization therefore occurs by the process 
tenned ^diffusion accompanied by a phase change"*. For inter-
mediate stages of decarburization, the carbon concentration 
profile in a flat plate is shown in Fig. 1.5. The carbon 
content increases linearly from zero at the sixrface to a 
value, Cg, at the two phase boundary. Cg is known from the 
phase diagram (Fig. 1.4). At the interface where x = the 
carbon content increases to Ci, the initial concentration in 
the alloy. 
Smith"^^ has derived an equation which describes the 
rate of movement of the boundary. With a rearrangement of 
terms. Smith's equation may be written as follows : 
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6 Dc B 
t 3C^-2C3 
where D is the diffusion coefficient of carbon in a iron and 
t is the reaction time in seconds. 
1000 
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Fig. 1.4 Low temperature 
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portion of iron si 
-C phase diagraml^l. 
de 
The average concentration in the specimen, C,can be 
evaluated as a function of § by integrating under the carbon 
concentration profile in Fig. 1.5. 
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Fig. 1.5 Carbon concentration profile in a flat 
plate of low carbon steel after partial 
decarbxarization at temperatijires between 
727° and 
Wagner^^^""^^^ derived mathematical equations for 
evaluating decarburized layer thickness in steel with respect 
to the number of phases present at the decarburization tempe-
rature. If decarburization of a steel involves two phases at 
the given temperature then the following three cases are possi-
ble (Fig. 1.6). 
(i) A sample having a composition within the a+r field and in 
the temperature range 723 to 910°C, is exposed to a decarburi-
zing atmosphere so that only a-phase is stable at the surface; 
(ii) A steel sample with a composition in the (r+Fe^C) field 
decarburized by an atmosphere in which austenite with a 
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definite carbon concentration is stable (especially 910*^ 0); 
(iii) A steel with a composition (a+Fe^C) below 723°C decar-
burized by an atmosphere in which only a-phase is stable. 
V or V •» Fe3C or cL • F e j C 
d. 
or { F e 3 
r or 
Cc , r ( F e 3 C ) 
Fig. 1.6 Decarburization of steel 104 
At the distance x = I (depending upon time, t) the concentra-
tion of carbon in the surface reaches the limit of existence 
with the second phase present in the bulk alloy. 
In deriving an equation for calculating the decarbxari-
zation layer thickness, Wagner made the following assumptions: 
(i) the diffusion coefficient is independent of concentration, 
(ii) due to the high rate constants for phase boundary reactions 
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the partition eq-ulibria are virtually established, and 
(iii) heterogeneous region of the sample can be characterized 
by its average concentration. The equation is applicable only 
to dilute solutions particiiLarly to Fe-C system and can be 
represented as 
C - C 2 
~ = Jn r e^ .erf Y (10) C - C^ 
where, C is the equilibrium concentration of carbon between 
the surface, phase and the other phase in the bulk alloy. C^ 
and C^ are the initial and sxxrface concentrations, respectively 
7 is the dimensionless parameter to be defined as 
t = 2 xfDt (11) 
^ is the decarburized layer thickness in time, t and D is the 
diffusion coefficient of carbon in the surface phase. 
From equation (lo) the unknown parameter, Y can be 
determined by plotting right hand member as a function of Y. 
The value of Y, for unknown value of left hand member can be 
read. 
Wagner also derived an equation applicable to decarburi-
zation process involving an conversion of one phase into ano-
ther phase. For example, between 723° and 910°C a sample 
containing r-phase is decarburized so a phase is formed at 
the surface. 
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In a decarburizing atmosphere consisting of H^ and 
H2O flowing over with such a rate that no CO accumulates 
then the activity of carbon at the surface can safely be 
assumed as equal to zero. 
The parameter t can be determined by the relation 
r r'^(o') r 
. = - . , g (12) 
It Y e ^ ? e r f i r e r ^ Y ^ ^ ^ 
where = jf/ld^  and i is defined by the equation (11). 
Birks^^^ considered decarbxorization with simultaneous 
scaling at temperature above 910°C when the steel remains aus-
tenitic throvighout and decarburization model can be represen-
ted as given in Fig. 1.7. 
Two simultaneous processes are in progress : the alloy 
surface is continually oxidized to form a scale while carbon 
is oxidized to form CO and C02> the scale is permeable to 
these gases which escape to the atmosphere. The carbon con-
centration profile in the metal varies from low surface 
concentration to the original carbon content within the metal. 
At a time t, scaling has consumed a thickness X of 
metal. To calculate the depth of decarburization, Birks^^^ 
applied Pick's Second Law to determine the distribution of 
carbon in the metal. 
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Fig. 1.7 Model for decarburization 
above 910 
dc d^c 
= D for X > X 
dt dx^ 
C = Co for X > 0 ; t = o 
C = Cs for X = X ; t > o 
(13) 
(15) 
Assuming that (i) decarburization does not extend to 
the centre of the specimen (ii) diffusion coefficient of 
carbon in austenite phase is independent of composition and 
(iii) enhanced diffxjsion down to grain boxmdaries is neglec-
ted, the solution of equation (13) at constant temperature 
reads : 
38 
V C erf^ [ ^ / D T ] 
— = ^ K^ 1/2 
V ^ s erf [ ] 
^ 2D 
p 
K is corrosion constant and defined as = X /2t. c c 
Equation (l6) gives the carbon content of the metal phase 
(x > X) as a function of time and position. 
1.2.3 Decarburlzation Without Scaling 
Grabke and Tuber^®'^ studied the decarburlzation kine-
tics of a and t iron in H2O-H2 mixtures in the temperature 
range between 6OO and lOOO^C by resistance-relaxation measure-
ments on 10 pm thick iron foils. The decarburlzation proceeds 
predominantly according to 
[C] + {H2O} = {CO} + [H2] . (17) 
[C] + = {CH^} (18) 
the reaction according to equation (18) can be neglected at 
0.01. The kinetics is governed by the supply and 
p h j 
diffusion of H^O in the gas phase or with low carbon concen-
trations and high gas velocities by the surface reaction. To 
establish the rate law of the reversible reaction : 
{CO} + {H^} [C] + {H^O} (19) 
The rate then reads 
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Pco . ^ ^ y ^ K kO K ^ ^ (20) 
1+K^ 1+K^ 
PH20/PH2 
It shows that the elementary step {CO} = [C] + 0^^ is rate 
controlling, whereas the average with adsorbed oxygen is 
adjusted by the equilibriiom {H2O} = {H} + The reaction 
( 1 9 ) is very fast as compared with decarburization by CH^-H^ 
mixtures, the kinetics and the steady state carbon activity 
are mainly governed by the reaction ( 1 9 ) . 
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Gosh studied the kinetics of decarbiirization of 
Fe-C melts (4.0-0.2 7. C) at temperatures 15^5, I600 and 
1650°C under partial pressures of oxygen of 0.25 atm. and 
1.0 atm. It was observed that the rate of decarburization 
was not effected by temperature at 1.0 atm. of oxygen at flow 
rates of 6.0 and 8.3 lit/min. However, the rate was found to 
increase with temperature at 0.25 atm. of oxygen. The effect 
of the amount of Fe-C alloy on decarburization rate was also 
investigated. He reported that the weight of melt does not 
appear to effect significantly the rate of carbon decrease at 
0.25 atm. of oxygen. Fxxrther more, the amount of liquid steel 
affects the induction stirring of the melt but does not affect 
rate of carbon decrease. He also studied the kinetics of 
decarburization of liquid Fe-C metis (O.l and 0.07 '/. C) at 
temperatures between 1550 and 1650°C, under a partial pressure 
of 0.25 atm. of oxygen. The flow rate was maintained at 8.3 
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lit/min. Increase of temperature appears to increase the 
rate of decarburization. The rate of decarburization was 
independent of partial presswe of oxygen and the flow rate 
of the oxidizing gas atmosphere. The rate of carbon decrease 
was foiJnd to increase as the size of the melt was reduced. On 
the basis of these observations, he concluded that the diffu-
sion of carbon in the melt is the rate controlling step. 
Grievson ^ ^^ studied the kinetics of decarburization of 
Fe-0.98 '/• C alloy at lOOO^C in low oxygen potential atmosph-
eres and pure hydrogen. The results of decarburization in 
pure hydrogen indicate that reaction follows a linear rate 
law until the carbon concentration in the specimen was reduced 
to about 0.5 y., below 0,3 '/. level the reaction rate was found 
to be dependent on carbon concentration. 
With H2O-H2 mixtures, a rapid increase in reaction rate 
is observed so that reaction becomes diffusion controlled for 
water vapour partial pressure at 0.5 mm or above. Similar 
reaction rates were observed for various water vapour-hydrogen 
ratios \intil a water vapour pressure of about 20 mm. Above 
200 ram of water vapour partial pressure, a reduction in reac-
tion rate is observed and decarburization reaction becomes 
chemical reaction controlled. The authors suggested that the 
rate controlling mechanism involves the dissociation of an 
active complex CH2O], and oxygen absorption is important since 
surface active sites are available for absorption of water 
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vapour. After long reaction times, the decarbiarization 
rate ceases to be linear indicating the equivalence of the 
chemical reaction rate and diffusion control (at low carbon 
concentration). 
Swisher^^^ determined the optimum temperature for 
decarburizing low carbon steels in wet hydrogen for alloys 
containing about 0.1 C. He found 813°C to be ideally sui-
ted for maximum decarburization. 
Ill 
Recently Hajduga and Kucera studied the heating 
effect of steels containing 12.77-13.22 /.Grand 0.15-1.63 */. C 
in a flowing atmosphere of 0-N-He at 1100°C for 3 hrs the 
steels containing 0.08-12.77 */. Cr and 0.1-1.63 */. C were oxi-
dized in ambient air at temperatures of 900, 1000, and 1200°C 
and reported the following : 
(1) the surface layers are carbon depleted (2) decarbiirization 
occ\jrs in all the steels independent of Cr and C content (3) 
lowering of the carbon concentration results in grain growth 
(4) the higher oxidation temperature leads to a higher degree 
of decarburization for the same heating time (5) longer heating 
times result in higher decarburization at the same temperature 
and (6) decarburization in ambient air occiirs about one order 
of magnitude more intensively than in the flowing atmosphere. 
1.2.A- Decarburization with Simultaneous Scaling 
112 Trenkler et al. studied the decarburizatio
U2 
behaviour of Fe-C and Fe-C-X alloys with simultaneous scaling 
of the metal surface in the temperature range of 900-1200°C 
using flue gas (15 V. 00^ + 10 '/. H^O + N^). The alloying ele-
ment was either a carbide former e.g., Cr, W, V and Mo or Si 
and Ni which increases the activity of carbon in the r-phase. 
For plain iron carbon alloys, the depth of decarburized layer 
increases with time and temperature at corresponding carbon 
contents. Increasing the alloy carbon content, otherwise 
under similar conditions, produces only a limited increase 
in the total decarburized depth, but a large increase in the 
apparent decarburization under comparable conditions, the 
thickness of the oxidized metal decreases with carbon content, 
whilst the decarburization depth increases, from which it 
follows that decarburization and oxidation follow different 
rate laws. 
It can be assumed that the carbon exchange at the metal/ 
gas, and in particular at metal/scale interface has a large 
influence on the carbon loss. Initially, the carbon present 
over the entire sample surface can be lost without any diffu-
sion, and the decarburization proceeds rapidly. As oxidation 
commences, the area available for carbon loss decreases, and 
more carbon is transported to the interface by surface and 
volume diffusion than can be oxidized. As oxidation proceeds 
and the scale increases in thickness, release of the gaseous 
reaction product and ingress of oxidizing gases through the 
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scale are certainly hindered. 
The addition of alloying element Cr, V, Mo and W does 
not show any significant effect on the rate of decarburization 
when compared with corresponding Fe-C alloys. Si and Ni addi-
tions increase the carbon activity in r-phase, and thus only 
r-phase is found in the decarburized state. With low silicon 
additions (upto 0.4'/.) the apparent decarburization is only 
trivially greater than with pure Fe-C alloys and the Si 
content remains imaltered in the decarburized zone. With 
higher silicon contents, a definite silicon enrichment at the 
surface was observed and with a high silicon contents (4.2 '/. 
Si), a significantly more rapid increase of surface carbon is 
noticed in comparison with corresponding iron-carbon alloys 
resulting in a greater decarburization ratio if compared with 
corresponding Fe-C alloy; exceptional behaviour may be expected 
only in those cases where abnormal change in scaling rate 
takes place. 
1.2.5 Effect of Alloying Elements 
The addition of alloying elements can effect the decar-
burization by influencing (i) ferrite-austenite transformation 
temperature (ii) the activity of carbon in solution (iii) the 
diffusion coefficient of C in solution and (iv) the scaling 
characteristic of iron. Birks^^^ considered the following 
general cases : 
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(a) If the alloying element is nobler than iron, e.g., Ni, 
Cu, Sn, etc., the distribution of the element in the matrix 
is not expected to be changed due to the absence of scale. 
(b) When the alloying element is less noble than iron, then 
possibility of internal oxidation arises and an external oxide 
scale may also be formed under circumstances which are nor-
mally protective to iron. If either type of oxide formation 
occurs, the concentration of alloying element is reduced at 
the metal surface, and so the effect on decarburization beha-
viour will be reduced. If the scaling rate (due to formation 
of external scale) is increased, then in absence of other 
factors, the observed depth of decarburization will be reduced. 
(c) When alloying element is a carbide former then the decar-
burization mechanism also involves the dissolution of carbide 
particles in the matrix. The decarburization might be accele-
rated if oxidation of alloying element occurs, since then both 
this element and carbon are continually being removed from 
solution in the matrix. 
The effect of some common alloying elements are as 
follows : 
Nickel : It concentrates at the scale/metal interface and, 
though the scaling rate may not be greatly affected, the 
solubility of carbon in the surface layers may be reduced 
thus restricting carbon diffusion outwards and reducing the 
depth of decarburization. 
Silicon : This element concentrates in the scale and forms 
FeO.SiOg. fayalite which reduces the scaling rate. This 
should lead to deeper observed decarburization. Si also 
increases the activity of carbon and therefore increases the 
tendency of carbon to diffuse out to the scale/metal inter-
face. Thus the general effect of Si is to increase decarbu-
rization. 
Chromium : In general, the presence of chromium reduces the 
scaling rate. The formation of stable carbide (Fe,Cr)yC^ 
introduces the possibility of a slow carbide decomposition 
step into the mechanism. At decomposition temperatures, due 
to almost complete solubility of carbides in the matrix the 
activity of carbon will be reduced resulting in the reduction 
of the diffusion rate to the surface. Therefore, there are 
two conflicting factors. The lower scaling rate would tend 
to increase the observed decarbxarization whereas reduction of 
carbon activity would tend to lower it. The latter factor may 
perhaps be ejqiected to predominant and reduce decarburization. 
1.3 Statement of the Problem 
The work described in this thesis includes the follow-
ing studies. 
(i) Oxidation kinetic measiirements for decarburized and 
undecarburized 
(a) Fe-C (C is 0.1, 0.8 and 1.2 wt. '/), 
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(b) Fe-IOMC (MC is TiC, VC, CryC^, NbC, TaC, MoC, WC 
or Fe^C 10 wt. '/•), 
(c) Fe-10MC-0.1C-20Cr (MC is TiC, NbC, Cr^C^ or WC 
10 wt. •/.), 
(d) Fe-lOMC-O.lC-l.OREgO^ (MC is NbC, Cr^C^ or WC 10 wt. 
% and RE^Oj is La^O^, Pr20^ or Y^O^ 1.0 wt. i), 
(e) Fe-lOMC-O.lC~l.OMO2 (MC is NbC, Cr^C^ or WC 10 wt. 
/ and M is Zr or Ti 1.0 wt. /) alloys. 
(f) and some low alloy steels as EN-9, EN-24, E-31, EN-36, 
silver steel, die-steel and high speed steels (18 and 
6 wt. /) in 1 atmospheric oxygen. 
(ii) The decarburization studies of above mentioned alloys 
in H^-H^O at 900°C for 2-6 hrs. 
(iii) The oxidation kinetic studies of the decarburized 
alloys at 900°C for 6-12 hrs. in 1 atmospheric oxygen. 
(iv) Morphological studies of the oxidized/decarburized/ 
decarburized-oxidized alloys. The studies have been 
carried out by applying the techniques of Optical and 
Scanning Electron Microscopy. 
(v) The identification of the different constituents is 
dtermined by X-ray diffraction analysis. 
CHAPTER II 
MATERIALS AND METHODS 
The studies described in this thesis are concerned 
with the effect of transition metal carbide(s) dispersions 
on the oxidation and decarburization behaviour of iron-base 
alloys. 
Five different types of alloys were prepared : 
i) Plain carbon steels, 
ii) Iron base alloys containing carbide, 
iii) Iron-base alloys containing carbide, carbon and 
rare earth oxides, 
iv) Iron-base alloys containing carbon, chromium and 
carbide,and 
v) Some commercial ferritic, and low alloy steels. 
2.1 Materials 
The transition metal carbide powders were CERAC, USA 
products, their specific and spectrographic analysis data are 
given in tables 2.1 and 2.2, respectively. The transition 
metal oxides of 99.9 purity were obtained from LEICO indus-
tries, New York and Central Drug House (CDH) India. The high 
purity iron and iron-carbon powders ASC 1 0 0 . 2 9 were the gifts 
from M/S Sintermetallwerk, GmbH, Krebsoge, FRG and M/S HSgn&s, 
Sweden. The iron powder ASC 1 0 0 . 2 9 contains 0 . 0 1 '/. C. 
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Table 2.2 
Spectrographic Analysis of the metal carbides in wt. 
Elements TiC VC Cr^C^ NbC TaC MoC ¥C Fe^C 
Ag _ _ _ 0.001 - _ - -
AL 0.03 0.10 0.05 0.01- 0.001 0.01 
0.10 
B _ _ - _ - <0.001 
Ca 0.02 - 0.001 0.01- 0.01 0.01 - 0.001 
0.10 
Co - - - - - 0.08 0.01 -
Cr - 0.05 - 0.001 - 0.05 0.002 0.001 
Cu 0.001 0.001 - 0.01 0.01 <0.001 - 0.001 
Fe 0.10 0.15 0.001 0.01- 0.001 0.01 0.01 0.10 
In - « 0.001 - - - - -
Mg 0.05 0.001 0.01 0.01 0.001 <0.0a - <0.001 
Mn 0.001 0.001 0.05 0.01 0.001 <0.001 
Mo - - 0.005 - _ - 0.01 
Ni 0.03 <0.001 0.001 - - 0.01 0.002 0.001 
Si 0.10 0.10 0.001 0.01- <0.001 0.01 - 0.01 
0.10 
Ti - 0.01 0.001 - 0.01 0.001 -
Zr - 0.05 - - _ - _ _ 
Ta - - _ 0.05 - - - -
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Commercially available ferritic steels, low and high 
alloy steels and special purpose steels were obtained from 
various sources and were used for the oxidation, decarburiza-
tion and decarburization-oxidation studies. The nominal 
composition of the steels is given in table 2.3. 
Table 2,3 
Composition of the low alloyed steels in wt. /. 
Alloy Ni Cr C Mo ¥ V 
HSS 18/. W - 4 0.75 — 18 1 
HSS 6% W - 4 0.80 5 6 2 
EN-2^ 1.5 5 0.45 - - -
Silver 
Steel 
- 1 1.00 0.1 - -
EN-31 - 1 1.00 - - -
EN-36 3 1 0.18 - - -
Die-Steel - 12 2.00 - - -
EN-9 - - 0.45 - - -
2.2 Alloy Preparation 
2.2.1 Plain Fe-C Alloys 
Model Fe-C alloys (c is 0.1, 0.8 and 1.2 weight •/) 
were prepared by melting in a high frequency induction fur-
-4 <=> 
nace mder a vacuum of 10 to 10" torr followed by casting 
into rectangular cross sectional moulds (Courtesy : University 
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of Liverpool, England). The electrolytic iron used had the 
following analysis : C < 0.01, Si <0.02, P < 0.05, S < 0.007, 
B < 0.004, Cu < 0.01 weight The nominal composition of 
the alloys is given in table 2.4. 
2.2.2 Carbide Dispersed Alloys 
Transition metal carbide dispersed iron-base alloys 
were consist of (i) Fe-10 wt. •/, MC where MC : TiC, VC, NbC, 
TaC, CryC^, MoC, WC or Fe^C (ii) Fe-10MC-0.1C-20Cr where 
MC:TiC, NbC, Cr^C^ or ¥C (iii) Fe-lOMC-0.lC-1.ORE^O^ where 
MC:NbC, Cr^C^ or ¥C, RE20^:La20^, Pr20^ or Y^O^ and (iv) 
Fe-lOMC-O.lC-l.OMO2 where MC:NbC, Cr^C^ or WC, Mb^jTiO^ or 
Zr02. The alloys were synthesised by the combination compac-
ting and sintering techniques. The nominal compositions of 
the alloys is given in table 2.4. 
As a typical example, the tablets of Fe-IOMC alloys of 
diameter 1.4 cm were prepared by intimately mixing the cal-
culated amounts of iron and metal carbide powders in an agate 
mortar. The total amount of the mixture used for each tablet 
was about 2.0 gm. The mixttore was put in a steel die and was 
compacted at 15 tons./cm with a hydraulic press. The tablets 
were sintered in a quartz tube placed in a tubxalar furnace 
under H2(g) atmosphere at 1200°C for 2 hrs.,and subsequently annealed 
in a N2(g) atmosphere at 1000°C for about 1.5 hrs. (Fig. 2.1). 
Alloys of the general compositions : Fe-10MC-0,1C-
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1.0RE20^/M02 and Fe-lOMC-0.lC-20Cr were prepared by a simi-
lar procedure. 
2.3 Specimen Preparation 
Steel specimens of 15 x 15 x 1,5 mm size or 12.0 mm 
diameter and 1.5 mm thickness were cut from steel sheets or 
steel rods. A 0.4 mm suspension hole was drilled near the 
middle of one end of the specimen. The specimens were sealed 
in a quartz tube and annealed at 900°C for 4 hrs. The annea-
led specimens were then polished sequentially with 180, 320 
and 600 grade SiC papers. The specimens were washed with 
water and alcohol and degreased with CCl^. 
The sintered alloys do not require any surface prepara-
tion and were used as such for decarburization and oxidation 
experiments. 
2.4 Gases Used 
High purity (99.9 '/) hydrogen, argon, nitrogen and 
oxygen gases were used for sintering, decarburization and 
oxidation experiments. 
2.5 Apparatus 
A laboratory fabricated helical thermal balance atta-
ched with a cathetometer was used for decarbxjrization and 
oxidation experiments (Fig. 2.2), the specimen was suspended 
to a quartz helix in the reaction tube. A Sartorius Elec-
Quartz Tube-
HgOr Nj 
Calcium Chloride Silica Gel 
Furnace 
Fig. 2.1 Schematic diagram showing the set-up used for 
sintering 
H e l i c a l T h e r m a l 
Ba l ance 
"2 
Wottr Thermostot ( 2 ^ ) Oxalic Acid • 
Oxalic Acid Dihydrote 
Alloy specimen 
Fig. 2.2 Schematic diagram showing the apparatus used 
for oxidation and decarburization experiments 
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tronic Microbalance Model 4410-MP8 with a sensitivity of 
1 pg attached with a pen ink recorder was used for oxidation 
kinetic measurements (Fig. 2.3). The specimen was suspended 
to the right pan of the balance through a quartz fibre, with 
a platinum loop at the end. After the balance has been 
poised, the hot fiarnace (set at desired temperature) was 
raised around the sample and the oxidation or decarbxirization 
commenced. 
2.5.1 Decarburization Experiments 
Hydrogen gas saturated with water was used for decar-
burization experiments. By passing ^^ (^g) (flow rate : 100 
ml/min.) through a mixtiare of oxalic acid/oxalic acid dehy-
drate at 25°C, a ratio of Pj^  q/P j j = 4 x 10"^ is obtained in 
2 2 q 
the flowing gas which corresponds to P^,^ 10 atm. at 
2 
900°C . Pure Argon was used for flushing the apparatus 
before and after the decarburization run. Fig. 2.2 and 2.3 
represents a schematic diagram of the apparattas tjsed during 
decarburization experiments. 
2.5.2 Oxidation Experiments 
The oxidation kinetic experiments were carried out at 
900°C in 1 atm. pure and dried oxygen in the same reaction 
tube as described for decarburization experiments. 
microbalance 
t 
CO/CO. I 
4 
balance controlh 
ing unit 
.chart recorder 
flow meter 
O2 
drying columr^ 
-f— 
Furnace-
t] 
•stainless steel wire 
fl 
hr^H^O quartz 
f ibre 
specimen 
Pig. 2.3 Schematic diagram of the apparatus used for oxidation 
kinetic measurements. 
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2.6 Metallographic Studies 
Metallographic studies were carried out using a Lietz 
Metallux 2 photometallurgical microscope. The specimens for 
metallographic studies were mounted in moulds using Araldite 
as a cold setting resin. The specimens were gritted sequen-
tially on 180-360, and 800 SiC papers followed by polishing 
on varying grades of diamond pastes. Kerosene oil was used 
as a lapping liquid. 
2.7 Scanning Electron Microscopic Studies 
Polished specimens were coated with gold film of 
500 thickness using a Edwards sputter coater, and were 
examined under a JEOL JSM-35C and PHIIIPS PSEM 5000 Scanning 
Electron Microscope. The desired regions of the scales and 
the substrate were photographed at an appropriate magnifica-
tion, 
2.8 X-ray Diffraction Analysis 
The presence of different constituents in the matrix 
and/or scales was identified by conventional X-ray diffraction 
analysis. The X-ray diffractograms were obtained by a X-ray 
diffractometer, using CuKa, CoKa or FeKa radiations with an 
appropriate filter. 
CHAPTER III 
DECARBURIZATION AND OXIDATION OF Fe-C ALLOYS 
The experimental details have already been referred 
in Chapter II. 
3.1 RESULTS 
3.1.1 Oxidation Kinetics 
The oxidation kinetic measurements were carried out 
at four different temperatures i.e. 700, 800, 900, 1000°C in 
1 atm. 0^ for 24 hrs. 
The weight gain vs time plots for the oxidation of 
plain carbon steels at 700, 800, 900 and 1000°C in O2 (1 atm.) 
are shown in Figure 3.1. The steels oxidized at a much slower 
2 rate than pure iron. The weight gain vs time plots are shown 
in figure 3.2. The weight gain vs time plots are parabolic 
2 
and weight gain vs time plots are linear indicating the growth 
of oxide scales by a diffusion controlled mechanism. The 
values of parabolic rate constant Kp for the oxidation of Fe-C 
alloys at different temperatures are given in table 3.1. 
3.1.2 Oxidation Kinetics of Decarburized Alloys 
The decarburization studies of Fe-C alloys was carried 
out in H^Cg) saturated with water flowing at a rate of 100 ml/min. 
through a mixture of oxalic acid/oxalic acid dehydrate for 2-3 hrs, 
in the same apparatus used for oxidation studies. 
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Fig. 3.1 Plots of weight gain Vs time for the oxidation of Fe-C alloys 
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Fig. 3.2 Plots of weight gain^ Vs time for the oxidation of 
Fe-C alloys. 
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Table 3.1 
Parabolic rate constants for the oxidation of Fe-C alloys at 
900®C in x lO"^. 
Alloy 700°C 800°C 900°C 1000°C 
Fe-O.lC 0.22 4.44 9.95 30.38 
Fe-0.8C 0.27 2.43 3.47 18.92 
Fe-1.2C 0.23 2.08 5.56 20.66 
Table 3.2 
Parabolic rate constants for the oxidation of predecarburized 
Fe-C alloys at 900°C in Kg^.M'^.Sec"^ x 10"^. 
Alloy Undecarbxxrized Predecarburized 
Fe-O.lC 9.95 53.^7 
Fe-0.8C 3.^7 5.69 
Fe-1.2C 5.56 1.56 
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The oxidation kinetic of decarburized alloys was 
carried otit at 900°C in O2 (l atm.) for 6 hrs using the 
same apparatus as that used for previous oxidation/decarbu-
rization studies. In most cases, the decarburized alloys 
are oxidized by a diffusion controlled mechanism as indica-
ted by the parabolic nature of weight gain vs time plots 
(Fig. 3.3-3.5) and linear natiore of weight gain vs time 
plot (Fig. 3.6). The values of parabolic rate constant, 
K for the oxidation of decarburized alloys at 900°C in P 
1 atm, O2 are"given in table 3.2. 
3.1.3 Metallographic Studies 
The oxidized, decarburized and decarburized-oxidized 
specimens were mounted, using Araldite as a cold setting 
resin. The mounted specimens were hand abraded on 186-, 
380- and 500 grade silicon carbide papers and were polished 
sequentially with p, 8 p, 6 p and 1 |ji grade diamond pastes 
using refined mobile oil as a lapping liquid. Metallographic 
examination of polished cross-section of the specimens were 
carried out tising a Lietz Metallux-2 photometallurgical micro-
scope. Figures 3.7-3.12 present some typical optical and 
scanning electron photomicrographs of Fe-C alloys oxidized in 
©2 (1 atm.) at U different temperatures. The morphological 
featxjres of the scales on plain carbon steels are similar 
irrespective of the carbon content. The scales are separated 
from the alloys substrate due to decarburization during oxida-
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Fig. 3.6 Plots of weight gain^ Vs time for the oxidation of 
predecarburized Fe-C alloys at 900°C. 
Fe203 
Scale separation 
Fig, 3.7 Photomicrograph of cross-section of 
Fe-O.lC alloy, oxidized at eOO°C for 
hrs. X 100 
FeO+Fe^Oi^ 
Fe504 
FeO 
Fe^C dispersion 
in a matrix 
Fig. 5.8 Photomicrograph of cross-section of Fe-0.8C 
alloy, oxidized at 800°C for 24 hrs. X 100 
FegO, 
Fe^Oj.FejO^ 
Fig. 3.9 SEM picture of Fe-O.lC alloy, oxidized 
at 900°C for 24 hrs. X 60 
Fe^Oi^+Fe^O^ 
Fig. 5.10 SEM picture of Fe-0.8C alloy, oxidized 
at 900OC for 24 hrs. X 75 
Fe203^Fe30^ 
FeO 
Fe^C dispersion 
Fig. 3.11 Photomicrograph of cross-section of 
Fe-1.2C alloy, oxidized at 700^0 for 
24 hrs. X 100 
Fe 0 +Fe 0 2 3 3 4 
FeO+Fe^O^ 
FeO 
Fig.3.12 SEM picture of Fe-l.2C alloy, oxidized 
at 900°C for 24 hrs. 
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tlon in 02' A relatively thin irregiilar layer of wustlte is 
invariably present in the inner scales. Due to separation 
and or/disruption of the outer scales, the wustite (FeO) 
scale come into contact with and oxidized to higher oxi-
des of iron e.g. Fe^O^ and Fe20^. The outer scales of oxidized 
alloys became porous as a result of the penetration of CO/ 
CO^Cg) produced during oxidation. 
Figixres 3.13-3.18 show some photomicrographs of plain 
(undecarburized) carbon steels and decarburized steels in wet 
hydrogen (H^-H^O) at 900°C. The decarburized steels show well 
defined ferrite decarburized layers, the thickness of decar-
burized layer increases with increase in alloys carbon content, 
exposure time or temperature. 
Figures 3.19-3.21 show some typical optical and scann-
ing electron photomicrographs of decarburized-oxidized Fe-C 
alloys. The morphology of the oxide scales foijnd on decar-
burized-oxidized alloys is quite similar to that of the scales 
formed on undecarburized-oxidized alloys. However, the scales 
formed on decarburized-oxidized alloys are relatively thicker, 
porous and more fragile. 
3.2 DISCUSSION 
The presence of carbon greatly lowers the oxidation 
rates of the alloy, however, the dependence on carbon content 
is some what complex. Considering the oxidation of plain 
Fig. 3.15 Photomicrograph of cross-section of 
Fe-O.lC alloy. X 120 
Fe^C (dark) 
Ferrite(light) 
pearlitic 
structure 
Fig. 3.14 Photomicrograph of cross-section of 
Fe-O.lC alloy, decarburized at 900°C 
for 2 hrs. X 120 
Fig. 3.15 Photomicrograph of cross-section of 
Fe-0.8C alloy. X 120 
Fig. 3.16 Photomicrograph of cross-section of 
Fe-0.8C alloy, decarburized at 900°C 
for 1 hr. X 120 
Ferrite 
Pearlite 
Fig. 3.17 Photomicrograph of cross-section of 
Fe-1.2C alloy. X 120 
decarburized 
layer 
Fig. 3.18 Photomicrograph of cross-section of 
Fe-1.2C alloy, decarburized at 900^0 
for 1 hr. X 120 
FeO+Fe^O^ 
Scale separation 
decarburized 
layer 
Fig.3.19 Photomicrograph of cross-section of 
predecarburized Fe-O.lC alloy, oxidized 
at 900°C for 6 hrs. X 120 
Fe^O^.Fe^O^ 
FeO+Fe^O^ 
FeO 
Fig, 3.20 Photomicrograph of cross-section of predecar-
burized Fe-0.8C alloy, oxidized at 900^0 for 
6 hrs. X 120 
FejOj 
Fig. 5.21 SEM picture of predecarburized Fe-1.2C 
alloy, oxidized at 900®C for 6 hrs. 
X 80 
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carbon steels, at 700°C, Fe-1.2C alloy has the highest 
oxidation rate and 0.1 C alloy has the lowest oxidation 
rate. However, at higher temperatures, the situation is 
reversed and 0.1 /. C steel has the highest oxidation rates. 
Although at a definite temperature, the oxidation rates are 
similar at varying carbon contents, but even then the beha-
viour can be satisfactorily explained on the basis of phase 
structure and morphology of the scales. At 700°C the alloy 
structure consists of a-ferrite in case of 0.1 '/. C and 
a + Fe^C at higher carbon content. At temperatures in the 
range of 800-1000°C, the structures are a + r (0.1 '/. C), 
r(0.4 and 0.8 •/. C) and r + Fe^C (1.2 '/ C). At low temperature 
(700°C) there is a sufficient carbon available for decarburi-
zation in casd of 1.2 C and therefore, the oxidation rate 
is highest. However, at higher temperatures the presence of 
Fe^C is perhaps responsible for lower oxidation rates of high 
carbon alloys. 
The morphological featxires of the scales on plain 
carbon steels are similar. The scales are separated from 
the alloy due to decarburization. A relatively thin layer 
of wustite is invariably present. Due to separation and/or 
disruption of the scales, the wustite (FeO) scales woijQ.d come 
into contact with O2 and oxidized to higher oxides of iron: 
Fe^O^ and Fe20^. The copious oxide scales containing Fe^O^ 
and Fe^O^ are found. Due to disruption or cracking of the 
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scales, fresh alloy surface comes into contact with O2 and 
oxide growth on alloy is rate controlling factor. After 
siafficient exposure time, the healing of the disrupted scales 
is not rviled out. The outer scales are poroxjs due to evolu-
tion of carbonaceoias gases. The substrate shows dispersion 
of cementite (Fe^C) in a ferrite matrix. 
Considering the oxidation of decarburized plain carbon 
steels at 900°C; the oxidation rate of the decarburized alloy 
increases with increasing carbon content of the alloy. Further 
more, the oxidation rates of the decarburized Fe-1.2C is much 
lower than the i;indecarburized alloys. The metallographic 
studies show the oxidation of ferrite layer of decarbxarized 
alloy. The scales are separated from the alloy matrix par-
tially due to decarburization and partially due to polishing 
artifacts. The matrix of the oxidized-decarburized alloy show 
the dispersion of coarse polygonal shaped carbide particles. 
Due to diffusion of iron and simultaneous decarburization, 
the matrix is depleted in dissolved carbon (or ferrite) and 
cementite seems to be the dominant and discrete phase. Since 
the cementite dispersion acts as an obstacle for the transport 
of iron during oxidation,the oxidation rates of decarburized 
steels are lower than undecarburized steels. 
CHAPTER IV 
DECARBURIZATION AND OXIDATION OF Fe-IOMC ALLOYS 
The experimental details containing material specifi-
cations, apparatus and procedures have already been given in 
Chapter II. 
Transition metal carbide dispersed iron-base (Fe-IOMC, 
where MC is TiC, VC, Cr^C^, NbC, TaC, MoC, WC or Fe^C 10 wt. 
'/.) alloys were prepared by sintering in atmosphere at 
1200°C and annealed in N2 atmosphere at 1000°C for 1.5 hr. 
Each sintered alloy exhibits uniform and homogeneous textured 
surface. The microstructure shows 2-phase structure in which 
carbide particles are dispersed in an iron-rich matrix. 
A laboratory fabricated helical thermal balance 
attached with a cathetometer was used for oxidation kinetics 
measurements of decarburized and undecarburized Fe-IOMC alloys 
at 900°C for 6-9 hrs. in 1 atm The decarburization 
(H2-H2O) experiments were carried out at 900°C for 6-7 hrs. 
4.1 Results 
Microstructural Studies 
Figures 4.1 to 4.8 show some typical optical and scanning 
electron photomicrographs of the cross sections of decarbiorized-
carbide-dispersed iron-base sintered alloys. The photomicro-
graphs show invariably a 2-phase structure containing dispersion 
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of fine grained carbide particles in a ferrite matrix. 
TiC-dispersed alloy shows dispersion of grey irregiilar 
shaped grains in a ferrite matrix (Fig. 4.1). The decarburi-
zed alloy (Fig. 4.2) shows a marked increase in ferrite and 
a corresponding decrease in the carbide concentration. A 
decrease in porosity of the structure as a result of decar-
burization is also indicated. Similar behaviour has also been 
observed in VC-, NbC- and TaC-dispersed alloys. Figure 4.3 
shows scanning electron photomicrograph of a cross-section of 
NbC-dispersed alloy decarburized at 900°C, the decarburized 
alloy shows the presence of NbC dispersoids in a ferrite matrix. 
A thin layer of Nb- rich iron oxide Fe0.Nb20^ is also shown. 
Figures 4.4 and 4.5 show optical photomicrographs of the cross-
sections of WC-dispersed alloy in undecarburized and decarbu-
rized states, respectively. There is considerable depletion 
of carbide particles and increase in ferrite concentration, a 
situation which is also encountered in MoC-dispersed alloys. 
The Cr^C^- dispersed alloy is greatly affected on decarburi-
zation; a ferritic structure in which needle shaped carbides 
are dispersed is shown in figures 4.6 and 4.7. Figure 4.8 
shows scanning electron photomicrograph of the decarburized 
alloy showing more details of the carbide morphology and oxide 
scales formed during decarbiorization. A uniform porous scale 
of Fe0.Cr20^ is present, the scale is detached from the alloy 
perhaps during polishing, some of the carbide is also incor-
porated into the scale. 
Tic dispersion 
Fig. Photomicrograph of a cross-section of 
Fe-lOTiC dispersed alloy, undecarburized 
X 120 
TiO-
TiC dispersion 
Fig. 4.2 Photomicrograph of a cross-section of 
Fe~10TiC dispersed alloy, decarburized 
at 9000c for 6 hrs. X 120 
FeO.Nb^O^ 
NbC dispersion 
Fig. 4.3 SEM picture of Fe-lONbC dispersed 
alloy, decarburized at 900°C for 
6 hrs. 
WC dispersion 
Fig. Photomicrograph of a cross-section of 
Fe-lOWC dispersed alloy, undecarburized. 
X 120 
WC dispersion 
Fig. 4.5 Photomicrograph of a cross-section of 
Fe-lOWC dispersed alloy, decarburized 
at 900°C for 6 hrs. X 120 
Cr^C^ 
dispersion 
Fig. 4,6 Micrograph of a cross-section of 
Fe-lOCr^C, dispersed alloy, undecarburized. 
' ^ X 120 
FeO.Cr^O^ 
Fig. 4.7 Photomicrograph of a cross-section of 
Fe-lOCr^C^ dispersed alloy, decarburized 
at 900°C for 6 hrs. X 120 
e-r T •'T; jcm 
FeO.Cr^O^ 
dispersion 
Fig. 4.8 SEM picture of Fe-lOCr^C^ dispersed 
alloy, decarburized at 900°C for 
6 hrs. 
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4.1.2 Oxidation Kinetics 
Figures 4.9 and 4.10 show weight gain vs time and 
2 
weight gain vs time plots, respectively for the oxidation 
of carbide dispersed iron based sintered alloys at 900°C in 
1 atm. oxygen. The oxidation seems to follow a parabolic 
rate law as indicated by the linear nature of weight gain^ 
vs time plots. Figure 4.11 shows weight gain vs time for 
the oxidation of decarburized carbide-dispersed alloys at 
900°C. The majority of the alloys oxidize by a parabolic 
rate law but a few of them show deviation from parabolic rate p 
law which is indicated by the breaks in the weight gain vs 
time plots (Fig. 4.12). 
Table 4.1 lists the values of parabolic rate constants 
for the oxidation of carbide dispersed iron-base alloys and 
oxidation of corresponding decarburized alloys. The oxida-
tion rate of undecarburized carbide-dispersed alloys are 
about 2-3 magnitude higher than the corresponding decarburized 
alloys. Amongst the undecarburized alloys, VC-dispersed alloy 
has the highest oxidation rate followed by NbC-dispersed alloy, 
Fe^C-dispersed alloy showing the lowest rate. Amongst the 
decarburized alloys, TiC-dispersed alloy has the highest 
oxidation rate followed by TaC-dispersed alloys, the lowest 
oxidation rate is observed for VC-dispersed alloy followed by 
NbC-dispersed alloys. 
Fig. 4.9 Plots of weight gain Vs time for the oxidation 
of carbide dispersed iron-base alloys at 900°C 
Fig.10 Plots of weight gain^ Vs time for the oxidation of 
carbide dispersed iron-base alloys at 900°C. 
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Table 4.1 
Values of the parabolic rate constant, Kp for the oxidation 
at 900°C of alloys in 10"^ 
Alloy (wt.'Z) Undecarburized Pr ed ec arb uri z ed 
Kpi Kp^ 
Fe+lOTiC 30.9 9.4 — 
Fe+lOVC 130.1 0.8 5.8 
Fe+lONbC 105.0 3.1 -
Fe+lOTaC 5^.0 7.7 -
Fe+lOCryC^ 63.4 6.2 -
Fe+lOMoC 44.0 5.3 12.5 
Fe+lOWC 20.3 3.6 -
Fe+lOFe^C 9.8 5.1 -
4.1.3 Morphology of the Oxide Scale 
Figures 4.13 to 4.16 show optical and scanning elec-
tron photomicrographs of the cross section of oxidized 
Fe-lOMC-dispersed iron-base sintered alloys at 900°C. The 
oxidized alloys invariably form multilayered oxide scales, 
the innermost layers mainly consist of spinel or mixed oxide 
followed by porous layers containing oxides of iron, Fe20^ 
forming outermost layer, the carbides are also incorporated 
in the inner scales. In some alloys, a metal oxide layer 
containing M^O^ is also present. 
X 
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Figure 4,13 shows scanning electron photomicrograph 
of the NbC-dispersed alloy in the oxidized condition, a mxjlti-
layered oxide scale is present, the NbC dispersion remains 
largely unaffected. A similar structure is observed in TaC-
dispersed alloy bixt due to decarburization the scales are 
detached from the substrate (Fig. 4.14). In CryC^-dispersed 
alloy, the scales are broken due to decarburization, some 
CryC^ is also incorporated into the scales (Fig. 4.15). WC-
dispersed alloy on oxidation forms a multilayered scale in 
which inner layers of the scales contain ¥0^, the carbide 
net work is affected only feably on oxidation (Fig. 4.16). 
The oxide scales formed on predecarburized-oxidized 
alloys are much thinner than the corresponding undecarburized-
oxidized alloys although the composition and structure of the 
scales are not much different. 
The optical photomicrograph of a cross section of pre-
decarburized-oxidized WC-dispersed alloy shows the presence 
of a multilayered scale in which the inner layer contains 
WO^/FeO.WO^ (Fig. 4,17) comparing with the undecarburized-
oxidized alloy, the carbide grains are coarsened, the scales 
are less porous and more compact and the outer layer contain-
ing Fe20^ is missing. The scanning electron photomicrograph 
is shown in Figure 4.18. The scanning electron photomicrograph 
of predecarburized-oxidized TaC-dispersed alloy shows strati-
fied layers of Ta-rich iron oxide scales (Fig. 4.19) which are 
FeO.Nb^O^ 
FeO.Nb^O^ 
NbC dispersion 
Fig. 4.13 SEM picture of Fe-lONbC dispersed alloy, oxidized at 900 C for 6 hrs. 
FeO.Ta^O^ 
TaC dispersion 
Fig. 4.14 SEM pictxxre of Fe-lOTaC dispersed 
alloy, oxidized at 900°C for 6 hrs. 
Cr^C^ dispersion 
Fig.4.15 SEM picture of Fe-lOCryC^ dispersed 
alloy, oxidized at 900^0 for 6 hrs. 
FeO.WO. 
WC dispersion 
Fig. 4.l6 SEM picture of Fe-lOWC dispersed alloy, oxidized at 900°C for 6 hrs. 
FeO.WO, 
WC dispersion 
Fig. ^.17 Photomicrograph of a cross-section 
of predecarburized Fe-lOWC dispersed 
alloy, oxidized at 900°C. X 100 
FeO.WO, 
WO, 
WC grains 
Fig. 4.18 SEM picture of predecarburized 
Fe-lOWC dispersed alloy, oxidized 
at 900°C. 
2 5 
Fig. ^.19 SEN picture of predecarburized 
Fe-lOTaC dispersed alloy, oxidized 
at 900^0 for 5 hrs. 
Fe0.Cr20^ 
Fig. ^.20 SEM picture of predecarburized 
FelOCr^C^ dispersed alloy, 
oxidized at 900°C for 6 hrs. 
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much thinner than the corresponding mdecarburized-oxidized 
eGLloy. The Cr^C^-dispersed decarburized-oxidized alloy shows 
coarsening of carbon grains and presence of a thick Cr-rich 
layer of Fe0.Cr20^ in which Cr^C^ is also incorporated (Fig. 
4.20). Figures 4.21 and 4.22 show respectively the optical 
micrographs of the cross sections of predecarburized-oxidized 
Tie and MoC-dispersed alloys at 900°C. The inner layers 
contain FeO.TiOg and FeO.MoO^, respectively and the layers 
are much thinner than the corresponding undecarburized-alloys. 
In Ti-containing alloys, the inclusion of TiC in the scales 
is also indicated. 
4.2 Discussion 
The carbide dispersed iron based sintered alloys on 
oxidation at 900°C obey a parabolic rate law. For different 
alloys, the oxidation rate sequence at 900°C is as follows : 
VC > NbC > Cr^C^ > TaC > MoC > TiC > WC > Fe^C 
During oxidation of the alloy in oxygen at 900°C a pure 
oxide/spinel film is formed on the surface of the alloy in 
the initial stages which acts as a protective layer, this film 
is liable to be broken due to decarburization and/or insuffi-
cient plastic flow of the oxide layer. The decarburization 
dioring oxidation occurs due to the decomposition of carbide 
and its extent depends upon the thermal stabilities of diffe-
rent carbides in presence of an oxidant. The thermal stabilities 
Fe0.T102 
Fine dispersion of Tie 
Fig, 4.21 Photomicrograph of a cross-section of 
predecarburized Fe-lOTiC dispersed 
alloy, oxidized at 9OOOC for 6 hrs. X 100 
FeO.MoO> 
Fine polygonal 
Mo dispersion 
Fig.4.22 Photomicrograph of a cross-section of 
predecarburized Fe-lOMoC dispersed 
alloy, oxidized at 9000C for 6 hrs. 
X 100 
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of different carbides is compared in terms of aG° (Kcal/mole) 
of the oxidation reactions (Table 4.2) and the calculated val-
ues can be arranged in the following sequence of increasing 
free enthalpies : 
WC > MoC -- TiC > Fe^O TaC > CryC^ NbC > VC 
The sequence is similar with the oxidation rate sequence with 
a notable exception of Fe^C. 
Table 4.2 
AG® for the oxidation of carbide into oxide at 900°C 
in Kcal/g.at.C 
Reaction AG® 
TiC + 3 0 Ti02 + CO -261.0 
VC + 7/2 0 - 1/2 V2O5+CO -119.7 
NbC + 7/2 0 - Nb205 + CO -135.0 
TaC + 7/2 0 - Ta20^ + CO -147.0 
l/3Cr^C3+ 9/2 0 l/eCv^Q^ + CO -135.0 
MoC + 4 0 - MoO^ + CO -261.0 
WC + 4 0 WO^ + CO -281.0 
Fe^C + 4 0 3FeO + CO -187.0 
The different oxidation rates for the iron-metal carbide 
alloy systems are also attributed to the varying degree of mobi-
lity of carbon which is apparently associated with the carbide 
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1 T ii 
forming capacity of the metal . For example, Cr-containing 
alloy has considerably higher oxidation rate than W-containing 
alloy since W is a stronger carbide former than Cr. 
The morphology of the scales explains to some extent 
the oxidation behavioior of carbide-dispersed alloys. The 
NbC- and TaC dispersed alloys which have comparatively high 
oxidation rates form disrupted and poroias scales (Figs. 4.13 
and k,lk) whereas the scales formed on ¥C- dispersed alloys, 
are relatively more compact and less porous (Fig. 4.16). In 
case of NbC-,. VC-, TaC- and Cr^C^- dispersed alloys, the oxide 
film is formed in the early stages but due to decarburization 
this film is broken, and the fresh alloy is exposed to oxygen 
resulting in higher oxidation rates for the alloys. In WC-
and TiC- dispersed alloys, the oxide films formed are more 
integrated perhaps due to their high plasticity and low decar-
burization resulting in comparatively low oxidation rates. 
During decarburization of carbide dispersed iron-base 
sintered alloys it) a H2-H2O atmosphere Pq = atm) at 
o 113 ^ 900 C , most of the alloys show weight gain except MoC- and 
VC-dispersed alloys, the latter show weight losses although no 
decarburized layer is present (Table 4,3). The decarburization 
rates (in terms of weight loss/area) follow the sequence : 
TaC > TiC > Fe^C > NbC > Cr^C^ > WC > VC > MoC 
During decarburization, a thin oxide film is invariably 
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Table 4.3 
Weight loss or gain/area after a 6 hr decarbxirization run in 
H2-H2O atmosphere at 900°C 
Alloy (wt •/) Kg/m^x 10"^ 
Fe + 10 Tic +5.0 
Fe + 10 VC -1.5 
Fe + 10 NbC +3.9 
Fe + 10 TaC +8.2 
Fe -I-10 Cr^C3 +3.8 
Fe + 10 MoC -8.6 
Fe + 10 WC +1.0 
Fe++ 10 Fe^C +4.8 
formed even at a very low oxygen potential atm), the 
film is relatively thick in case of TaC-, TiC- and Fe^C-
containing alloys and thinnest in case of VC- and WC-contain-
ing alloys. As a result of decarburization, some transforma-
tion of carbide into austenite occurs providing a coarsened 
austenitic structure containing a fine dispersion of carbide. 
The structure of the alloy is more homogenized and degree of 
porosity is significantly decreased as a result of decarburi-
zation (Table 4.4). The microstructure of decarburized alloy 
can be compared with the oxidized alloy where similar changes 
have been shown in the matrix. This led to the contention 
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Table 
Degree of porosity of undecarburized and decarburized alloys 
Alloy (wt./.) Plain '/. Decarburized Reduction in '/. por-
porosity porosity osity on decarburi-
zation 
Fe + 10 TiC 2.81 0.58 43.77 
Fe + 10 VC 11.13 7.03 36.83 
Fe + 10 NbC 6.32 2.81 55.53 
Fe 10 TaC 6.01 3.21 48.08 
Fe + 10 Cr^C^ 2.10 1.23 41.42 
Fe + 10 MoC 1.56 1.17 25.00 
Fe + 10 WC 2.03 1.17 42.36 
Fe + 10 Fe^C 1.40 0.31 77.85 
that the mobility of carbon did play an important role during 
decarburization (at low p^ , ) and oxidation (at 1 atm. 0^), the 
alloys containing strong carbide forming elements e.g., W,V 
and Mo have much lower oxidation or decarburization rate than 
the alloys containing relatively weak tendency to form carbide 
such as Cr. 
Considering the oxidation of predecarburized-iron-base 
sintered alloy, the parabolic rates follow the sequence : 
Tic > TaC > Cr^C^ > MoC > Fe^C > WC > NbC > VC 
With a few exceptions, the rate sequence is quite similar to 
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that observed for the oxidation of undecarburized iron-base 
sintered alloys. The oxidation rates of predecarburized 
alloys are about 2-3 magnitude lower than the corresponding 
undecarburized alloys. Two factors seem to be responsible 
for a drastic lowering in the oxidation rate of decarburized 
alloys. Firstly, a thin protective oxide film is formed 
during decarburization in atmosphere, which retards 
the mobility of carbon atoms and secondly, the presence of 
a fine carbide dispersion in an austenitic matrix which 
considerably reduces the level of decarburization during 
oxidation and in consequence assists in retaining the integ-
rity of oxide scales. 
C H A P T E R V 
D E C A R B U R I Z A T I O N a n d o x i d a t i o n o f Fe-10MC-0.1C-20Cr A L L O Y S 
The experimental details containing material specifi-
cations, apparatijs and procedures have already been given in 
Chapter II. 
Chromium- and iron-containing transition metal carbide 
dispersed iron based alloys : Fe-10MC-0.1C-20Cr (where C is 
0.1 wt. •/; MC is Tie, WC, Cr^C^ or NbC 10 */, and Cr is 
20 wt. '/.) were prepared by sintering. Tablets of 1.4 cm 
diameter were prepared by mixing carbon (O.l wt. '/) , metal 
carbide (lO wt. /), chromium (20 wt. /•) and iron (balance) 
powders in an agat mortar. The total amount of material used 
for each tablet was about 2.0 g. The mixture was put in a 
steel mould and was compacted at 15 tons/cm using a hydraulic 
press. The green tablets were sintered in a quartz tube 
placed in a glober tubijlar furnace under dried hydrogen atmos-
phere at 1200°C for 2 hrs. and subsequently annealed under 
nitrogen atmosphere at 1000°C. Each sintered alloy was examined 
under a photometallurgical microscope and invariably shows a 
homogeneous 2-phase microstructure. 
The sintered alloys were subjected to oxidation ( 1 atm. 
O2) > decarburization (H^-ii^O) and decarburization-oxidation 
studies at 900°C on a laboratory fabricated helical thermal 
balance. 
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5.1 Resxjlts 
5.1.1 Oxidation kinetics 
2 
Weight gain Vs time and weight gain Vs time plots 
for the oxidation of undecarburized Fe-10MC-0.1C-20Cr alloys 
at 900°C in 1 atm. ©2 have been shown in figures 5.1 and 5.2, 
respectively. Furthermore, the alloys have been decarburized 
in wet hydrogen (H2-H2O) at 900°C for 2 hrs. followed by oxi-
dation at the same temperature in 1 atm. 02> the weight gain 2 
Vs time and weight gain Vs time plots for the oxidation of 
decarburized-oxidized alloys are given in figures 5.3 and 
5.4 respectively. In both the conditions, the weight gain Vs o 
time plots are parabolic and weight gain" Vs time plots are 
linear. Therefore, the oxidation of undecarburized as well as 
decarburized alloys seem to proceed by a diffusion-controlled 
mechanism. The values of parabolic rate constant, Kp are 
listed in Table 5.1. A glance on the values of rate constant 
of different alloys indicates that Fe-10WC-0.1C-20Cr has the 
lowest oxidation rates in undecarburized and decarburized 
states. However, in an undecarburized state, Fe-10CryC^-
0.1C-20Cr has the highest oxidation rate whereas in the decar-
burized state, the corresponding NbC-containing alloy has the 
highest oxidation rates although the oxidation rates of the 
alloys in both the states differ only marginally. 
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Fig. 5.1 Plots of weight gain Vs time for the oxidation of 
Fe-10KC-0.1C-20Cr alloys at 900°C for 8 hrs. 
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Table 3.1 
Values of parabolic rate constants Kp for the oxidation of 
undecarburized and predecarbijrized Fe-10MC-0.1C-20Cr alloys 
at 900°C in 
Alloy (wt./) undecarburized predecarburized 
Fe-lOTiC-0.lC-20Cr 23.iv3 30.65 
Fe-10NbC-0.1C-20Cr 25.93 33.3^ 
Fe-10Cr^C^-0.1C-20Cr 50.93 19.26 
Fe-10WC-0.1C-20Cr k.&l 8.80 
5.1.2 Metallographlc Studies 
5.1.2.1 Fe-10TiC-0.1C~20Cr Alloy 
Figure 5.5 shows an optical micrograph of sintered 
Fe-10TiC-0.1C-20Cr alloy. The micrograph shows the presence 
of polygonal ferrite in a Cr-rich iron matrix porous in nature. 
The alloy on oxidation forms an internal Cr^O^ sorrounding the 
ferrite polygonals, TiC is segregated at the grain boundaries 
(Fig. 5.6). The oxides are the result of preferential oxida-
tion of Cr in the matrix. The thick inner oxide scales lar-
gely contain Fe0.Cr20^ and Cr^O^. Due to the presence of 
carbon, some decarbxarization occurred during oxidation resiiL-
ting in the evolution of C0/(X)2 consequently in the forma-
tion of porous scales. 
TiC+Cr^O^ 
dispersion 
Fig. 5.5 Photomicrograph of a cross-section of 
Fe-10TiC-0.1C-20Cr alloy undecarburized. 
X 120 
Cr^O^+FeO 
Fig. 5.6 Photomicrograph of a cross-section of 
Fe-10TiC-0.1C-20Cr, oxidized at 900^0 
for 8 hrs. X 120 
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Figure 5.7 shows a photomicrograph of TiC-containing 
sintered alloy decarburized in wet hydrogen 
2 hrs. at 900°C. There is quite a bit similarity between 
undecarburized and decarburized alloys, the only significant 
difference is the greater porosity of the decarbxirized alloy. 
The microstructure of decarburized-oxidized Fe-lOTiC-0.lC-20Cr 
alloy is very similar to that of the corresponding undecarbu-
rized-oxidized alloy albeit the scales are less thicker and 
relatively less porous (Fig. 5.8). The scanning electron 
photomicrograph of decarburized-oxidized alloy shows the 
dispersion of TiC in the matrix in conjunction with internal 
Cr^O^ (Fig. 5.9). The incorporation of TiC in the innermost 
layers of the chromia scales is also apparent. The inner 
layers of the oxide scales are mainly comprised of Fe0.Cr20^ 
and the outer layers contain Fe20^, the middle layers of the 
scale show a sort of denderite growth of iron oxide, Fe^O^ in 
which Or20^ and Ti02 are also incorporated. 
5.1.2.2 Fe-10NbC-0.1C-20Cr Alloy 
Figvire 5.10 shows a photomicrograph of Fe-lONbC-0.IC-
20Cr sintered alloy. The microstructure contains coarsened 
polygonal grains of ferrite. In oxidized condition at 900°C, 
the photomicrograph (Fig. 5.11) exhibits internal Cr^O^ par-
ticles which are segregated at the grain boundaries of ferrite 
matrix. The NbC grains are dispersed in a ferrite matrix. A 
relatively thick layer of Cr^O^ is present in the inner scale 
Fig. 5.7 Photomicrograph of a cross-section of 
Fe-10TiC-0.1C-20Cr alloy, decarburized 
at 900°C for 2 hrs. X 120 
ferrite 
Tie dispersion 
Cr 0 2 3 
Fig.5.8 Photomicrograph of a cross-section of 
predecarbtirized (2 hrs) Fe-lOTiC-0.lC-20Cr 
alloy, oxidized at 900^0 for 8 hrs. 
X 120 
Fe^O^+TiC 
FeO+Cr^O^ 
Fig. 5.9 SEM picture of predecarburized 
(2 hrs) Fe-10TiC-0.1C-20Cr alloy, 
oxidized at 900^0 for 8 hrs. 
X 120 
NbC dispersion 
Fig. 5.10 Photomicrograph of a cross-section of 
Fe-10NbC-0.1C-20Cr alloy, undecarburized 
X 120 
FepO,+CrpO:r + 
Nb205 
FeO+Cr^O^ 
Cr^O^+NbC 
Fig. 5.11 Photomicrograph of a cross-section of 
Fe-10NbC-0.1C-20Cr alloys, oxidized at 
900°C for 8 hrs. X 120 
NbC+Cr^O^ 
Fig. 5.12 Photomicrograph of a cross-section of Fe-lONbC-
0.1C-20Cr alloys decarburized at 900°C for 2 hrs. 
X 120 
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in which some NbC is also incorporated. The outer scales 
are mainly comprised of iron oxides containing Cr^O^ and 
Nb^O^ inclusions. 
The optical micrograph (Fig. 5.12) of sintered 
Fe-10NbC-0.1C-20Cr alloy decarburized in wet hydrogen (H^-H^O) 
shows the presence of polygonal grains of ferrite in which 
NbC is present as a dispersed phase. The structure is porous 
and internal CrgO^ formed during decarburization is present at 
the grain boundaries. Figxjre 5.13 shows a photomicrograph of 
the decarburized-oxidized sintered alloy. The oxide scales 
are almost entirely consisted of Cr^O^ in which NbC is incor-
porated and like undecarburized-oxidized alloy, presence of 
internal Cr^O^ grains can be seen at the ferrite interstices. 
5.1.2.3 Fe-10WC-0.1C~20Cr Alloy 
The photomicrograph of sintered Fe-10WC-0.1C-20Cr alloy 
(Fig. 5.1^) shows the presence of polygonal ferrites in a Cr-
enriched matrix, the WC particles are present rather ununiformly 
at the grain boundaries. Figure 5.15 shows the photomicrograph 
of the same alloy oxidized at 900°C for 8 hrs. in 1 atm. 0^. 
Chromium is internally oxidized to Cr20^ and is present with 
WC at the grain boundaries. A layer of FeO.Cr20^ is present 
in the inner scales in which some ¥C particles are also incor-
porated, the outer layers of the scales contain Fe20^ in which 
some Cr20^ is also present. The scale^^re (^mparatively less 
FeO+Cr^O^ 
Cr20^+NbC 
Fig. 5.13 Photomicrograph of a cross-section of 
predecarburized (2 hrs.) Fe-10NbC-0.1C-20Cr 
alloys, oxidized at 900^0 for 8 hrs. 
X 120 
•V. ' t - • . . • av . 
r-m.''- • " - • 
" r v 
-WC dispersion 
Fig. 5.1^ Photomicrograph of a cross-section of Fe-10WC-0.1C-20Cr alloy, undecarburized 
X 120 
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porous than the scales of TiC- and NbC-containing iron-base 
alloys. The scanning electron photomicrograph of oxidized 
alloy shows the presence of a relatively nonporoxas and more 
adherent scales (Fig. 5.16). The innermost layer of the 
scales are comprised of Cr^O^ and outermost contains 
incorporating some Cr^O^. The middle portion of the scales 
show denderite of iron oxide(s) in which WO^ and Cr^O^ parti-
cles are also participated. Figure 5.17 shows a photomicro-
graph of Fe-10WC-0.1C-20Cr sintered alloy decarburized in 
wet hydrogen at 900°C for 2 hrs. By and large WC does not 
seem to be much affected but some Cr present in the matrix 
got oxidized internally at the grain boundaries. In the 
decarburized-oxidized condition (Fig. 5.18), the inner scales 
are largely consisted of Cr^O^ followed by thicker but porous 
layers of wustite containing Cr^O^ and WO^. The porosity is 
perhaps developed due to evolution of CO/CO2 during oxidation. 
5.1.2.4 Fe-10Cr^C5-0.1C-20Cr Alloy 
Figure 5.19 represents a photomicrograph of sintered 
Fe-10CryC^-0.1C-20Cr alloy in as cast condition, the micro-
structure indicates the presence of 2 phases : a polygonal 
ferritic phase (light) and a CryC^-rich iron solution phase 
(dark) separated by well defined boxjndaries. When this alloy 
is oxidized at 900°C for 8 hrs. (Fig.5.20), the innermost layers 
of the porous oxide scales are consisted of 
Fe0+Cr203 +WC 
WC+Cr203 
Fig. 5.15 Photomicrograph of a cross-section of 
Fe-10WC-0.1C-20Cr alloy oxidized at 
900°C for 8 hrs. X 120 
Fe 0 +Cr 0, 2 3 2 3 
Fe0+Cr203+W03 
WC+Cr^O^ 
Fig. 5.16 S M picture of Fe-lOWC-0.1 C-20Cr 
alloy, oxidized at 900°C for 8 hrs. 
X 100 
ft-.-' — 
Cr^O^+WC 
Fig. 5.17 Photomicrograph of a cross-section of 
Fe-lOWC-0.lC-20Cr alloy,decarburized 
at 900OC for 2 hrs. X 120 
Fe20^+WC+Cr20^ 
- Fe0+Cr20^+W0^ 
Fig. 5.18 Photomicrograph of a cross-section of 
predecarburized (2 hrs.) Fe-lOWC-0.IC-
20Cr alloy, oxidized at 900°C for 8 hrs. 
X 120 
CryC^ dispersion 
Ferrite 
Fig.5JL9 Photomicrograph of a cross-section of 
Fe-lOCr C -0.1C-20Cr alloy, undecarburized. 
^ ^ X 120 
Cr^O^ +FeO 
Cr203+CryC5 
Fig.5.20 Photomicrograph of a cross-section 
of Fe-10CryC3-0.1C-20Cr alloy, oxidized 
at 900°C for 8 hrs. X ^00 
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outer scale contains Fe^O^. The middle layers of the scales 
are nonporous and contain mainly the spinel FeO.Cr^O^. The 
inner chromia scales have incorporated some CryC^. The 
scanning electron photomicrograph of the oxidized alloy 
(Fig. 5.21) shows the presence of a dark phase which entirely 
consists of internal oxide, Cr20^ with dispersion of Cr^C^ 
particles. This phase co-exists with a light ferritic phase, 
the CryC^ particles are concentrated at the grain bomdaries 
of this phase. 
The decarburized Fe-lOCryC^-0.lC-20Cr in its micro-
structure (Fig. 5.22) shows the presence of 2 phases : the 
light phase representing ferrite and a dark phase represen-
ting Cr-rich iron solid solution, the Cr^C^ particles are 
dispersed in both the phases. Some Cr is oxidized to Cr^C^ 
in the Cr-rich phase. The Cr-rich phase is much more porous 
than the ferritic phase. Figures 5.23 and 5.2^ - show optical 
and scanning electron photomicrographs, respectively of 
Fe-10CryC^-0.1C-20Cr decarburized in H^-H^O atmosphere for 
2 hrs. followed by oxidation in 1 atm. O2 for 8 hrs. The 
alloy matrix of decarburized-oxidized alloy shows the 
presence of internal Cr20^ phase along with light ferritic 
phase. CryC^ grains are segregated at the ferritic grain 
broundaries. The thicker inner scale is largely consisted 
of Cr20^/Cr20^.Fe0. Due to decarburization and subsequent 
exposiore of FeO to oxygen, some Fe^O^ is formed in the inner 
Cr^O^+CryC^ 
Fig. 5.21 SEM picture of Fe-10CryC^-0.1C-20Cr 
alloys, oxidized at 900OC for 8 hrs. 
X 200 
Fig. 5.22 Photomicrograph of a cross-section of 
Fe-lGCryC3-0.1C-20Cr alloy, decarburized 
at 900°C for 2 hrs. X 120 
Fe20^+Cr203 
Cr 0 /Cr 0,+Fe0 2 3 2 3 
2 5 7 5 
Fig. 5.25 Photomicrograph of a cross-section of 
predecarburized (2 hrs.) Fe-lOCryC^-O.lC-
20Cr alloy, oxidized at 900^0 for 8 hrs. X 120 
Fe205+Cr20^ 
FeO+Cr20^ 
Cr^O^+CryC^ 
Fig. 5.24 SEM picture of predecarburized (2 hrs.) 
Fe-10Cr7C3-0.1C-20Cr alloy, oxidized 
at 900^0 for 8 hrs. X 100 
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scales. The outer scales contain which some Cr^O^ 
is also included. 
5.2 Discussion 
The oxidation behaviour of iron-based sintered alloys 
of the composition : Fe-10MC-0.1C-20Cr was studied in the 
normal (undecarburized) state in 1 atm. at 900°C. The 
alloys oxidized following a parabolic rate law indicating a 
diffusion controlled mechanism operated during oxidation. 
The WC-containing alloy oxidized at the slowest rate and 
CryC^-containing alloy at the fastest rate. There are three 
important morphological features of the oxidized alloys. An 
internal is formed as a separate phase along with a 
ferritic phase, CryC^ is present as a dispersion but mainly 
concentrated at the ferritic polygonal grain boundaries, 
Cv^-^/FeO.Qv^-^ layer is present invariably at the alloy/scale 
interface. These three factors seem to be responsible for rel-
atively low oxidation rates of Fe-10MC-0.1C-20Cr alloys. This 
contention is fixrther evident from the fact that Fe-IOMC 
alloys (Chapter IV) have oxidation rates at least one order 
of magnitude higher than the latter. During oxidation of 
Fe-10MC-0.1C-20Cr, the carbide is largely remained \jnaffected 
which is shown by the incorporation of the carbides in the 
scales. Due to presence of carbon, some decarburization occurs 
during oxidation, resulting in the disruption of the protective 
film. 
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Fe-10MC~0.1C-20Cr alloys are decarburized in low oxygen 
potential atmosphere lO"^^) of O2 at 900°C, although there 
is no well defined decarburized layer but there is evidence 
of decarburization from microstructures. The decarburized 
alloys were further oxidized at 900°C in 1 atm. O^. With the 
exception of NbC-containing alloys, the decarburized alloys 
oxidize at a slightly higher rate than the undecarburized 
alloy. This could be attributed to the highly porous struc-
ture of the decarburized alloys. But it is to be noted that 
there is only marginal difference in the oxidation rates of 
decarburized and undecarburized Fe-10MC-0.1C-20Cr alloys. In 
Fe-IOMC system (Chapter IV), an opposite behaviour is obser-
ved, the oxidation rates of undecarburized alloys are atleast 
one order of magnitude higher than the decarburized alloys. 
The oxidation behaviour of decarburized Fe-IOMC alloy has 
been explained firstly on the basis of the formation of a 
thin protective film during decarb\:irization in H2-H2O atmos-
phere which retards the mobility of carbon atoms and secondly, 
the presence of a fine carbide dispersion in an austenitic 
matrix which considerably reduces the level of decarburization 
during oxidation and in consequence assists in retaining the 
integrity of oxide scales. In Fe-10MC-0.1C-20Cr system, 
these factors are valid but unlike Fe-IOMC, the undecarburized 
alloys in addition also have a protective chromium oxide layer 
which drastically restricts the oxidation rates. This is 
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reflected by the values of oxidation rates of undecarbijrized 
and decarburized Fe-10MC-0.1C-20Cr alloys which are very 
similar. 
C H A P T E R V I 
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Niobium carbide (NbC), tungsten carbide (WC) or chro-
mium carbide (Cr^C^) (10 weight "/) dispersed iron-base alloys 
containing 0.1 weight i- carbon and 1.0 weight i* rare earth 
oxide viz La^O^, Pr^O^ or Y^O^ were prepared by compaction 
and sintering techniques. The details of experimental proce-
dure are given in Chapter II. 
The annealed samples were changed to required size and 
were placed into reaction tube for oxidation, decarburization 
and decarburization-oxidation experiments. The oxidation 
kinetics of the alloys were measured on Sartorius Electronic 
Microbalance (Model ^410-MP8) in presence of pure oxygen under 
1 atmospheric pressure at 900°C for 8 hrs. and decarburization 
in H2-H2O atmosphere at 900°C for 2 hrs. 
The morphology of the oxidized/decarburized alloys was 
studied using optical and scanning electron microscopes. The 
identification of the various constituents present in the 
scales/substrate was made, by using X-ray diffraction analysis. 
The details are given in Chapter II. 
6.1 Results 
6.1.1 Oxidation Kinetics 
Weight gain Vs time plots for the oxidation of a series 
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of iron-base sintered alloys of the general composition 
Fe-10MC-0.1C-1.0RE20^ (MC is NbC, WC or Cr^O^-lO wt. ^ C 
is 0.1 wt. and RE20^ is La^O^, or Y20^-1.0 vrt. i) 
are shown in figures 6.1-6.3. All the alloys were oxidized 
under one atmospheric oxygen gas at 900°C for 8 hrs. Figtires 
6.4-6.6 show plots of weight gain Vs time for the same 
alloys. In general, the weight gain Vs time plots are para-
2 
bolic and weight gain Vs time plots are linear, indicating 
the diffusion controlled growth of oxide scales. Table 6.1 
Table 6.1 
Values of parabolic rate constants Kp for the oxidation of 
undecarburized and predecarburized Fe-10MC-0.1C-1.0RE20^ 
alloys at 900°C in Kg^.m"^.Sec"^x 10"^. 
Alloy (wt. •/) undecarburized predecarburized 
Fe-lOWC-0.1C-1.OLa^O^ 2.40 8.70 
Fe-10¥C-0.1C-1.CPr20^ 0.36 2.77 
Fe-lOWC-0.1C-1.OY^O^ 0.26 0.35 
Fe-lONbC-0.1C-1.0La20^ 25.69 31.60 
Fe-lONb C-0.1C-1.0Pr20^ 27.78 31.81 
Fe-lONb C-0.1C-1.0Y20^ 28.47 10.42 
Fe-10 Cry C^-0.1C-1.0La205 10.01 6.81 
Fe-lOCr^ C^-0.lC-1.0Pr20^ 10.40 10.42 
Fe-10Cr C -O.lC-l.OY 0 13.89 9.55 
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Fig- 6.1 Plots of weight gain Vs time for the oxidation 
of Fe-lONbC-0.IC-I.ORE2O2 alloys at 900"C. 
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Fig. 6.2 Plots of weight gain Vs time for the oxidation 
of Fe-iocr^C^-0.IC-I.ORE2O2 alloys at 900"C. 
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Fig. 6.3 Plots of weight gain Vs time for the oxida-
tion of Fe-lOWC-0.1C-1.0RE20^ alloys at 
900"C. 
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Fig. 6.4 Plots of weight gain Vs time for the oxidation 
of Fe-10NbC-0.1C-1.0RE2O2 alloys at 900»C. 
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Fig. 6.5 Plots of weight gain^ Vs time for the oxidation 
of Fe-10Cr^C^-0.1C-1.0RE202 alloys at 900»C. 
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Fig. 6.6 Plots of weight gain^ Vs time for the oxidation 
of Fe-10WC-0.1C-1.0RE202 alloys at 900'C. 
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lists the values of parabolic rate constant, Kp for the 
oxidation of Fe-10MC-0.1C-1.0RE20^ at 900°C. 
The alloys Fe-10MC-0.1C-1.0RE20^ were decarburized 
in wet hydrogen (H2-H2O) for 2 hrs. at 900°C and were sub-
sequently oxidized in 02(g) at the same temperature for 8 
2 
hrs. The weight gain Vs time and weight gain Vs time plots 
are shown in Figures 6.7-6.9 and 6.10-6.12 respectively. 
The decarburized alloys are also seemed to follow a parabolic 
rate law during oxidation indicating the operation of a diffu-
sion controlled mechanism during oxide growth. The values 
of rate constant are given in Table 6.1. 
6.1.2 Metallographic Studies 
6.1.2.1 Fe-lONb C-0.1C-1.ORE^O^ Alloys 
Figures 6.13-6.14 show photomicrographs of 
containing iron-base sintered alloys of the general 
composition : Fe-lONbC-O.lC-l.OREgO^ in as-cast condition. 
The photomicrographs show the presence of polygonal ferritic 
grains and the carbides at the grain boundaries. Rare earth 
oxide particles are also present as inclusions particularly 
in the ferrite phase. On decarburization in wet hydrogen 
(H2-H2O), there is much more segregation of carbides at the 
polygonal interstices (Figs. 6.15 and 6.16) otherwise the 
microstructures of decarburized and undecarburized alloys 
look the same. 
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Fig. 6.8 Plots of weight gain Vs time for the oxidation 
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Fig. 6.10 Plots of weight gain Vs time for the oxidation 
of decarburized Fe-lONbC-0.lC-1.ORE2O2 alloys 
at 900-C. 
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Fig. 6.12 Plots of gain2 Vs time for the oxidation of 
decarburized Fe-WC-0.lC-1.ORE2O2 alloys at 
900-C. 
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Fig. 5.13 Photomicrograph of cross-section of 
Fe-lONbC-O.lC-l.OProO^ alloy, sintered. 
^ X 120 
•Y2O3 
-NbC dispersion 
Fig. 6.14 Photomicrograph of cross-section of 
Fe-lONbC-0.1C-1.OY^O, alloy,s intered. 
X 120 
NbC dispersion 
Ferrite 
Fig. 6.15 Photomicrograph of cross-section 
of Fe-lONbC-O.lC-l.OLa 0 alloys, 
decarburized at 900^0 ^ f6r 2 hrs. 
X 120 
NbC dispersion 
Fig. 6.16 Photomicrograph of cross-section 
of Fe-10NbC-0.1C-1.0P^03 alloy, 
decarburized at 900°C for 2 hrs. 
X 120 
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Figiare 5.17 shows a photomicrograph of Fe-lONbC-O.lC-1.0 
La^O^ oxidized at 900°C for 8 hr. the dark carbide particles 
consisting with the polygonal ferrite grains are remained 
almost maffected but there is internal oxidation of iron 
at the ferrite/carbide interface and grey FeO particles are 
found at the ferrite grain boundaries. The scales are mainly 
consisted of iron oxides with Fe^O^ present in the outer 
scales. The rare earth oxide is incorporated with the 
internal oxides as well as with the inner scales. Figure 
6.18 shows a scanning electron micrograph of the same alloy 
in the decarburized and oxidized condition. A net work of 
internal oxide particles sorrounding the polygonal grains 
can be seen. The scales are uniform and adhered containing 
oxides of iron; the wustite is oxidized to Fe20^ due to 
penetration of through porous scales and Fe20^ is present 
at localized sites in the scale. 
Figures 5.19 and 5.20 show scanning electron and optical 
photomicrographs of Fe-10NbC-0.1C-1.0Pr20^ alloy in decarbu-
rized-oxidized and oxidized condition. Almost similar morpho-
logies are observed as those found in La^O^-containing alloys. 
The Y20^-containing alloy in the decarburized and oxidized 
conditions (Fig. 6.21) show a denser net work of carbide grains 
in which internal oxide particles are incorporated otherwise 
the features are similar to those observed in corresponding 
Pr^O^-and La^O^-containing alloys. 
i. V 
Fe^Oj 
•FeO+Fe^O^ 
Fe0+La20^ 
NbC(at grain 
boundaries)+ 
FeO (internal oxide) 
Fig. 6.17 Photomicrograph of cross-section of 
Fe-10NbC-0.1C-l,0Lap0, alloy, oxidized 
L. r* / - I 1 ^ at 900^0 for 8 hrs.' X 120 
Fe205 
FeO+Fe 0, 5 ^ 
FeO+La^Oj 
NbC+La205 
Fig. 6.18 SEM picture of Fe-lONbC-0.lC-1.0La203 
alloy, oxidized at 900°C for 8 hrs. X 80 
Fe203 
Fe0+Pr203 
NbC+Pr205+ 
FeO(internal 
oxide) 
Fig. 6.19 SEM picture of predecarburized 
Fe-10NbC-0.1C-1.0Pr203 alloy, 
oxidized at 900^0 for 8 hrs. 
X 100 
FeO+Pr^O^ 
NbC+Pr205+Fe0 
(internal oxide) 
Fig. 6.20 Photomicrograph of cross-section of 
Fe-lONbC-O.lC-l.OPrpO^ alloy, oxidized 
at 900°C for 8 hrs. X 120 
Fe203 
Fe0+Y203 
NbC+FeO 
(internal oxide) 
Fig. 6.21 Photomicrograph of a cross-section of 
predecarburized Fe-lONbC-0.lC-1.0Y2O3 
alloy, oxidized at 900°C for 8 hrs. 
X 120 
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6.1.2.2 Fe-10CryC^-0.1C-1.0RE203 Alloys 
Figures 6.22-6.24 show photomicrographs of La^O^-, 
Pr^O^- and Y^O^- containing iron-base sintered alloys in 
as-cast condition. The photomicrographs show a dispersion 
of Cr^C^ particles in a ferrite matrix, the are also 
present as dispersed phase but it is difficult to identify 
these particles in the photomicrograph. In the decarburized 
state, the amount of ferrite is enhanced and segregation of 
carbide along the grainboundary is more clearly observed 
(Figs. 6.25). 
Figure 6.26 shows a scanning electron photomicrograph 
of the Y^O^-containing alloy oxidized at 900°C. At the ferrite 
grain boundaries some of the Cr^C^ is oxidized to Cr^O^ and 
appears as a net work along with Cr^C^. The iron oxide scales 
contain inclusions of Cr20^. The decarburized-oxidized alloy 
shows (Fig. 6.27) similar features although the scales are 
more thicker and porous. The Pr^O^-containing alloy in oxi-
dized condition shows oxide network in the matrix formed due 
to selective oxidation of CryC^ into Cr^O^ (Fig. 6.28). The 
inner scales contain Cr20^ and FeO.Cr^O^ and outer scales 
contain a relatively thick layer of Fe20^, the middle layers 
have inclusions of Cr^ O-^  in Fe20^/Fe^0^ scales. Figure 6.29 
shows a scanning electron photomicrograph of La^O^-containing 
alloy decarburized and oxidized at 900°C. The interesting 
features of the oxide scale is that FeO and Cr20^ are present 
Cr^Cj 
dispersion 
Fig. 6.22 Photomicrograph of cross-section of Fe-10CryC3-0.1C-1.0La203 alloy,s 
.T 
Fig. 6.23 Photomicrograph of cross section of 
Fe-10Cr7C^-0.1C-1.OPrpO^alloy, s intered 
' ^ ^ ^ X 120 
dispersion 
• -iJf"- - ' M ^ 
Fig. 5.24 Photomicrograph of cross-section of 
Fe-lOCr^a-O.lC-l.OY^O. alloy, sintered. 
' ^ ^ ^ X 120 
Cr.C, 
dispersion 
dispersion 
Ferrite 
Fig. 6.25 Photomicrograph of cross-section of 
Fe-lOCr^C^-0.lC-1.OLa^O^alloy, 
decarburizei at 900°C^for 2 hrs. X 120 
Fe^O^+Cr^Oj^ 
Fe0+Cr20^ 
Cr^Oj^Or^Oj 
Fig. 6.26 SEM picture of Fe-l0CryC3-0.1C-l.OY2O3 
alloy, oxidized at 900°C for 8 hrs. 
X 100 
Fe20^+Cr20^ 
FeO+Cr^Oj 
Cr^C^ dispersion 
Fig. 6.27 Photomicrograph of cross-section of 
predecarburized Fe-10Cr7C3-0.1C-1.0Yp0:z 
alloy, oxidized at 900^0 for 8 hrs. ^ 
X 120 
^ -
^ ^ ^ ' ' ' 
FeO+Cr^O^ 
CryC^ dispersion 
Fig. 6.28 SEM picture of Fe-lOCryC^-O.lC-l.OPr^O^ 
alloy, oxidized at 900 C for 8 hrs. 
X 100 
Fe20^+Cr203 
FeO+Cr^O^ 
I 
Fig. 6.29 SEM picture of predecarburized 
Fe-lOCryC^-O.lC-l.OLa^O^ alloy, 
oxidized at 900°C for 8 hrs. 
X 100 
u- . v J 
Fig. 6.30 Photomicrograph of cross section of Fe-10WC-0.lC-1.0La203 alloy, sintered. 
WC+La205 
dispersion 
X 120 
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in the outer and inner layers and the inner scale is largely-
consisted of FeO in which Cr^C^ is also incorporated. 
6.1.2.3 Fe-lOWC-O-lC-l.OREgO^ Alloys 
Figures 6.30-6.32 show photomicrographs of RE^O^-
containing WC dispersed iron-base sintered alloys. The 
photomicrographs indicate the presence of polygonal ferrite 
particles along with WC particles. On decarburization the 
amount of ferrite phase is enhanced significantly and the 
carbide particles are segregated along the grain boundaries, 
presence of inclusions is also indicated. In the decar-
burized Y20^-containing alloy (Fig. 6.33), some internal oxi-
dation at the grain boundaries is also indicated. Figures 
6.3^ and 6.35 show scanning electron photomicrograph of 
Fe-lOWC-O.lC-l.OLagO^ and Fe-lOWC-0.lC-1.OPr^O^ oxidized at 
900°C for 8 hrs. Both the alloys show separation of the scale 
at the alloy interface and separation of the outer and inner 
scales. The inner scales are largely consisted of FeO.WO^ 
and the outer scales contain oxides of iron. The micro-
structure of matrix shows segregation of WC along the grain 
boundaries and presence of internal FeO or FeO.WO^ along with 
the carbides. 
The scanning electron photomicrograph (Fig. 6.36) of 
Fe-10WC-0.1C-1.0Y20^ represents typical morphology for the 
decarburized (H2-H2O) and oxidized (O^) alloy at 900°C. The 
WC+Pr203 
dispersion 
Fig. 6.31 Photomicrograph of cross-section of 
Fe-10WC-.0.1C-1.0Pr„0, alloy, sintered, 
^ -1 ^ X 120 
WC dispersion 
•YjOj 
Fig. 6.32 Photomicrograph of cross-section of 
Fe-lOWC-O.lC-l.OYpO, alloy, sintered. 
X 120 
Ferritic 
WC dispersion 
Fig. 5.33 Photomicrograph of cross-section of Fe-10WC-0.1C-1.0Y20^ alloy, decarburized 
at 900''C for 2 hrs. X 120 
Fe203 
Fe0+Fe304+W03 
FeO+WO: 
Fig. 6.5^ SEM picture of Fe-lQWC-OJ-C-l.0La205 
alloy, oxidized at 900°C for 8 hrs. 
X 390 
Fe0+Fe304+W03 
Fe0+W03+WC 
WC+FeO+Pr^O^ 
Fig. 6.35 SEM picture of Fe-10WC-0.1C-1.0Pr203 
alloy, oxidized at 900^0 for 8 hrs. 
X 390 
WO^+FeO 
Fe0+WC+Y203 
Fig. 5.36 SEM picture of predecarburized 
Fe-10WC-0.1C-1.0Y203 alloy, oxidized 
at 900°C for 8 hrs. X 300 
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microstructure of the matrix shows segregation of WC particles 
at the grain boixndaries which remain undistrubed during oxi-
dation of the decarbxarized alloy. The inner scales contains 
WO^ or WO^.FeO and the outer scales contain Fe^p^. The 
scales are more compact and adhered than those obtained dixring 
the oxidation of undecarburized alloys. 
6.2 Discxjssion 
Fe-10MC-0.1C-1.0RE20^ sintered alloys have agglomera-
tion of carbides at the grain boxmdaries. During decarburi-
zation this agglomeration remains undisturbed. On oxidation, 
internal oxidation of the carbide-depleted phase occurs and 
the oxidation product FeO is present either admixed with car-
bide or as a separate phase near the grain boundaries. Oxi-
dation rates of Fe-10MC-0.1C-RE20^ sintered alloys are largely 
dependent on the extent of internal oxidation. Thus the WC-
containing alloys have relatively very little internal oxida-
tion and have usually lowest oxidation rates. The pattern of 
oxidation rates of these alloys are very similar to Fe-IOMC 
alloys, NbC-containing alloys have the highest oxidation and 
WC-containing lowest rate. The addition of RE^O^ provide more 
adherent and uniform oxide scales. The oxidation rates of 
Fe-10MC-0.1C-RS203 undecarburized and decarburized states 
are much lower (about one order of magnitude) than the 
corresponding Fe-IOMC alloys. This goes to show that the 
presence of RE20^ play some role in restricting the oxidation 
90 
rates of the alloy. However, the oxidation rates of RE^O^-
containing alloys are higher than 20 i- Cr-containing alloys 
(Chapter V). It is obvious from these observations that the 
presence of internal Cr20^ net work at the grain boundaries 
restricts the transportation of Fe or any alloying element and 
therefore, restrict the oxidation rates. In WC-containing 
alloys, the higher thermodynamic stability of WC towards 
oxidation itself plays an important role. 
The influence of RE^O^ on the oxidation of the alloys 
is not fully understood, but they do play some role in reduc-
ing the oxidation rates either affecting the mobility of 
carbon or providing more adherent nonporous oxide scales. 
CHAPTER VII 
DECARBURIZATION AND OXIDATION OF Fe-10MC-0.1C-M62 ALLOYS 
Niobium carbide (NbC), tungsten carbide (WC) or chro-
mium carbide (CryC^) (10 wt.X) dispersed iron base alloys 
containing 0.1 wt. '/* carbon and 1.0 wt. */» Ti02 or ZrO^ were 
prepared by compaction and sintering techniques. The details 
of experimental procedures for preparation, oxidation and 
decarburization kinetics and morphological studies are given 
in Chapter II. The sintered alloys were subjected to oxida-
tion (l atm. O2), decarburization (H2-H2O) and oxidation of 
decarburized alloys at 900°C on a typical set up of Sartorioxjis 
Microbalance discussed in Chapter II. 
7.1 Results 
7•1•1 Oxidation Kinetics 
Weight gain Vs time plots for the oxidation of iron 
base sintered alloys of the general composition : Fe-IOMC-
0.1C-1.0Ti02 or Zr02 (MC is NbC, WC or Cr^C^ 10 wt. •/) are 
shown in figures 7.1-7.3. All the alloys were oxidized in 
02(g) mder one atmospheric pressure at 900°C for 8 hrs. 
Figures 7.4-7.6 show plots of weight gain Vs time for the 
same alloys. In general, the weight gain Vs time plots are 
parabolic and weight gain vs time plots are linear, indicating 
the diffusion-controlled growth of oxide scales. Table 7.1 
lists the values of parabolic rate constant, Kp for the 
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Fig. 7.1 Plots of weight gain Vs time for the oxidation 
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oxidation of Fe-10MC-0.1C-1.0Ti02/Zr02 at 9OOOC. 
The alloys Fe-10MC-0.1C-1.0Ti02/Zr02 were decarb\Arized 
in wet hydrogen (H2-H2O) for 2 hrs. at 900°C and were subse-
quently oxidized in 02(g) at the same temperature for 8 hrs. 
2 
The weight gain Vs time and weight gain Vs time plots are 
shown in figxares 7.7-7.9 and figures 7.10-7.12 respectively. 
The decarburized alloys are also seemed to follow a parabolic 
rate law during oxidation indicating the operation of a diffu-
sion controlled mechanism during oxide growth. The values of 
rate constant are given in table 7.1. 
Table 7.1 
Values of parabolic rate constants Kp for the oxidation of 
undecarburized and predecarburized Fe-lOMC-O.lC-l.OMO2 alloys 
at 900°C in Kg^.m~^.Sec~^x 10"^. 
Alloy (wt. i-.) xjndecarburized predecarburized 
Fe-10WC-0.1C-1.0Ti02 1.09 28.65 
Fe-10WC-0.1C-1.0Zr02 0.49 5.40 
Fe-10NbC-0.1C-1.0Ti02 14.20 79.90 
Fe-10NbC-0.1C-1.0Zr02 12.50 25.55 
Fe-10Cr^C^-0.1C-1.0Ti02 2.22 3.65 
Fe-10CryC^-0.1C-1.0Zr02 9.40 15.30 
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7.1.2 Metallographic Studies 
7.1.2.1 Fe-10NbC-0.1C-1.0TlD2/Zr02 Alloys 
FigxK'es 7.13 and 7.14 show photomicrographs of carbide-
dispersed TiOg- and Zr02-containing iron-base sintered alloys. 
Polygonal grains of ferrites are present in which carbides 
are present as dispersion along with Ti02 or Zr02. On decar-
bxirization in H2-H2O at 900°C, there is no major change in 
the microstructure of the alloy (Figs.7.15 and 7.16) except 
that it is more porous and the carbides are mainly concentrated 
at the grain boundaries. Figure 7.17 shows a scanning elec-
tron micrograph of Ti02-containing alloy oxidized at 900°C 
for 8 hrs. The matrix contains dispersion of NbC along the 
grain boundaries together with FeO which is present as an 
internal oxide. The inner scales mainly contain FeO with Ti02 
inclusions and are fairly adherent, NbC is also incorporated 
with the scales. The outermost layer is mainly consisted of 
^ similar structure is observed in the oxidized Zr02-
containing alloy. Figure 7.18 shows a photomicrograph of the 
Ti02-containing alloy decarburized at 900°C for 2 hrs. followed 
by oxidation at 900°C for 8 hrs. The microstructure shows 
presence of a relatively thick internal FeO at or near the 
grain boundaries along with NbC; it is difficult to identify 
Ti02 hut it is certainly present in the inner oxide scales. 
The microstructure observed (Fig. 7.19) in case of decarburized-
oxidized Fe-10NbC-0.1C-1.0Zr02 is almost identical to that 
NbC dispersion 
Fig. 7.13 Photomicrograph of a cross-section of 
Fe-lONbC-0.lC-1.OTiOp alloy,s intered 
X 120 
NbC dispersion 
Fig. 7.1^ Photomicrograph of a cross-section of 
Fe-lONbC-O.lC-l.OZrOp alloy, sintered X 120 
1 
NbC dispersion 
Fig. 7.15 Photomicrograph of a cross-section 
of Fe-10NbC-0.1C-1.0Ti02 alloy, 
decarburized at 900°C for 2 hrs. 
X 120 
NbC+ZrOp 
dispersion 
Fig. 7.16 Photomicrograph of a cross-section 
of Fe-10NbC-0.1C-1.0Zr02 alloy, 
decarburized at 900^0 for 2 hrs. 
X 120 
Fe0+Ti02 
FeO+NbC 
Fig. 7.17 SEM picture of Fe-10NbC-0.1C-1.0Ti02 
alloy, oxidized at 900°Cffor 8 hrs. 
X-100 
Fe203 
Fe0+Ti02 
NbC+FeO 
Fig. 7.18 Photomicrograph of a cross-section 
of predecarburized Fe-lONbC-O.lC-l.OTiOp 
alloy, oxidized at 900^0 for 8 hrs. X 120 
Fe203 
Fe0+Zr02+NbC 
Fe0+Zr02 
Fig. 7.19 Photomicrograph of a cross-section of decarburi-
zed.Fe-lONbC-O.lC-l.OZrOp alloy, 
oxidized at 900°C for 8 hrs. 
X 120 
CryC^ +Ti02 
dispersion 
Fig. 7.20 Photomicrograph of a cross-section of 
Fe-lOCryC^^-O.lC-l.OTiO^ alloy, sintered, 
X 120 
observed in case of the corresponding Ti02-containing alloy 
decarburized and oxidized under similar conditions. 
7.1.2.2 Fe-Cr^C^-0.lC-1.0Ti02/Zr02 Alloys 
Figure 7.20 shows a photomicrograph of Ti02-
containing Cr^C^ dispersed iron-base sintered alloy. The 
micrestructure is consisted of polygonal ferrite grains 
containing inclusions of an external phase. The decarburized 
alloy shows (Fig. 7.21) the presence of white Cr^C^ at the 
grain boundaries of polygonal ferrites coexisting with another 
phase in the form of dark grey coloured Ti02 grains. The 
microstructures of the corresponding ZrO^-containing sintered 
alloy in the as-cast and decarburized conditions are almost 
similar. Figure 7.22 shows a scanning photomicrograph of 
Zr02-containing iron-base sintered alloy oxidized at 900°C. 
The microstructure indicates the presence of the clusters of 
Zr02 in the iron rich matrix along with a network of Cr^C^ 
at the grain boundaries, there is also selective oxidation 
of iron into FeO and CryC^ into Cr20^. The Zr02-particles 
are also present in the inner scales. The photomicrograph 
of the same alloy under decarburized-oxidized condition 
(Fig. 7.23) shows the presence of carbide dispersoid at the 
grain bovindaries along with white grains of Zr02 the latter 
are also present in the inner scale. The scanning electron 
photomicrograph (7.24) of Ti02-containing alloy under 
decarburized and oxidized condition at 900°C, shows the 
# 
•CryC^+Ti02 
dispersion 
^ 
cf 9 5 
Fig. 7.21 Photomicrograph of a cross-section 
of Fe-lOCryC^-O.lC-l.OTiOg alloy, 
decarburized at 900°C for 2 hrs. 
X 120 
Fe0+Zr0„+Cr_0. 2 2 3 
CryC^ dispersion 
Zr02 dispersion 
Fig. 7.22 SEM picture of Fe-10CryC^-0.1C-1.0Zr02 
alloy, oxidized at 900^C for 8 hrs. 
X 100 
Fe205 
Fe^O^+FeO 
Fe0+Zr02+Cr203 
Fig. 7.25 Photomicrograph of a cross-section of 
predecarburized Fe-10Cr7C3--0.1C~1.OZrO^ 
alloy, oxidized at 900^0 for 8 hrs. ^ 
X 120 
P'eO-.TlO 
dispersion 
Fig. 7.24 SEM picture of predecarbiirized Fe-lOCr^C^-
0,lC-i.0Ti02 alloy, oxidized at 900^0 
for 8 hrs. X 100 
• T., - ^ f 
i V. 
/ / ^ 
» ' ^ -i y*. 
• WC+Ti02 
dispersion 
Fig.7.25 Photomicrograph of a cross-section of 
Fe-10WC-0.1C-1.0Ti02 alloy, sintered. 
X 120 
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presence of a carbide net work mostly concentrated at the 
grain boimdaries. Ti02 is present as a white phase in the 
matrix and is also incorporated with the inner scales. The 
copious scales are continuous and adhered. The scales are 
predominently wustite containing inclusions of TiO^. 
7.1.2.3 Fe-10WC-0J.C-1.0Ti02/^r02 Alloys 
Figure 7.25 shows a photomicrograph of Ti02-contain-
ing WC-dispersed iron-base sintered alloy, the photomicrograph 
shows the presence of ferritic polygonals and the carbide 
particles at the grain boundaries. The alloy decarburized 
in H2-H2O shows a dispersion of coarsened WC grains at the 
grain boundaries along with irregular distribution of TiO^. 
A similar configuration is observed in Zr02-containing alloys 
(Figures 7.26-7.27). 
7.2 Discussion 
The oxidation rates of undecarburized Fe-lOWC-0.IC-
1.0Zr02/Ti02 alloys are the lowest and the corresponding 
NbC-containing alloys are the highest, a similar trend has 
been observed in Fe-IOMC and Fe-10MC-0.1C-1.0R20^ alloy 
systems. In the decarburized-oxidized state, Fe-lOWC-0.IC-
1.0Zr02 alloys have the lowest oxidation rates and Fe-lONbC-
0.1C-1.0Ti02 have the highest rates. In general, NbC-containing 
alloys have invariably higher oxidation rates than other car-
bide-containing alloys. The oxidation rates of decarburized 
• • dispersion 
Fig. 7.26 Photomicrograph of a cross-section of 
Fe-lOWC-O.lC-l.OZrOp alloy, sintered. 
^ X 120 
WC+Zr02 
dispersion 
Fiff. 7.27 Photomicrograph of a cross-section rig. ^^ Fe-10WC-0.lC-1.0Zr02 alloy, 
decarburized at 900°C for 2 hrs. 
X 120 
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alloys are significantly higher than the undecarburized 
alloys. 
In most cases, the oxidation rates of Fe-lOMC-0.IC-
1.0Zr02/Ti02 alloys are very slightly higher than the corres-
ponding rare earth oxide-containing alloys (Chapter VI). 
However, like RE20^-containing sintered alloys, Zr02/Ti02-
containing alloys in undecarburized and decarburized states 
have oxidation rates much lower (1-2 order of magnitude) than 
the Fe-IOMC alloys (Chapter IV) and of the same order as those 
of Fe-10MC-0.1C-20Cr alloys. 
The results of oxidation kinetic and morphology of the 
oxidized alloy show that like rare earth oxides, the presence 
of ZrOg or Ti02 in the matrix greatly restricts the oxidation 
rates of Fe-MC alloy systems. Zr02 or Ti02 inclusions act 
as deterent to the transport of metal during oxidation. The 
rare earth oxides have a slight edge over Ti02 or Zr02 as far 
as adherent and compactness of the scales are concerned. The 
small difference in the oxidation rates of undecarburized and 
decarburized states could be attributed to the different decar-
burization rates of the alloys during oxidation. 
CHAPTER VIII 
DECARBURIZATION AND OXIDATION OF SOME INDUSTRIAL STEELS 
The experimental details containing material specifi-
cations, apparatus and procedures have already been given in 
Chapter II. 
Specimens of 15 x 15 x 1 mm size or 12.5 mm diameter 
and 1.5 mm thickness were cut from steel sheets or steel rods. 
A 0.^ mm suspension hole was drilled near the middle of one 
end of the specimen. The specimens were sealed in a quartz 
tube and annealed at 900°C for 4 hrs. 
The annealed alloys were subjected to oxidation (l atm 
O2) for 6-9 hrs, decarburization (H2-H2O) for 2-4 hrs. and 
decarburization-oxidation studies at 900°C for 9 hrs. on a 
laboratory fabricated thermal balance. 
8.1 Results 
8.1.1 Oxidation Kinetics 
Figure 8.1 represents weight gain vs time plots for 
the oxidation of low alloy steels e.g. EN-24, EN-31, EN-36, EN-9 
high speed steels (6 and 18 W), silver steel and die-steel 
at 900°C in 1 atm. O2' The plots in general are parabolic 
as indicated by the linear nature of weight gain^ vs time 
plots (Fig. 8.2). The weight gain vs time plots for the 
oxidation of predecarburized alloy steels are shown in 
Figure 8.3. In general most of alloy steels are oxidized by 
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Fig. 8.1 Plots of weight gain Vs time for the oxida-
tion of industrial steels. 
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a parabolic rate law except a few as indicated by the breaks 
in the weight gain^ vs time plots (Fig. 
Table 8.1 lists the values of the parabolic rate cons-
tants for the oxidation of alloy steels in as cast and deear-
b\irized condition. With a few exceptions, the oxidation rates 
of undecarburized alloy steels are slightly lower than the 
predecarbuirized-oxidized alloy steels. Amongst the mdecar-
burized and predecarburized alloy steels, EN-9 has the 
highest oxidation rate followed by EN-31 alloy steel, high 
speed steel (18 W) and die-steels showing the lowest rates 
respectively. 
Table 8.1 
Values of parabolic rate constants, Kp for the oxidation of 
2 -1 -7 alloys in Kg ,m .sec x 10 
Alloy Plain oxidation 
9 hrs.at 900^0 
Decarburization and 
Oxidation 4 and 9 hrs. 
at 900OC respectively 
EN-9 51.3888 62.8333 — 
EN-31 38.8888 55.555 -
Silver steel 33.3333 38.1944 54.975 
EN-2^ 30.8333 13.8888 43.9805 
EN-36 17.3611 26.0416 52.2661 
HSS 6 •/. W 14.4472 8.68055 -
Die-steel 9.7777 4.6277 -
HSS 18 •/. W 5.1111 12.7305 
Predecarburlzed Oxidized 
'o 
E 
u 
CM 
£ cn 
< 
Time ( hrs.) 
Fig. 8.4 Plots of weight gain VS time for oxidation 
of predecarburized industrial steels. 
99 
Table 8.2 contains weight loss data for different alloy 
steels after A- hr. decarburization run in H2-H2O atmosphere 
at 900°C,HSS steels show highest weight losses and EN-36 the 
lowest weight losses. 
Table 8.2 
Weight loss/area after a 4 hr. decarburization run in H^-H^O 
atmosphere at 900°C. 
S.No. Alloy Kg/m^ X 10"^ wt. loss kg X 10-6 
1 EN-9 15.9 3.0 
2 EN-31 49.9 7.0 
3 Silver steel 24.3 5.0 
4 EN-24 32.5 5.0 
5 EN-36 14.7 2.0 
6 HSS 6/. W 45.5 10.0 
7 Die-steel 14.7 3.0 
8 HSS 18;^  W 71.2 14.0 
8.1.2 Metallographic studies 
Figures 8.5 to 8.15 show typical optical photomicro-
graphs and scanning electron photomicrograph of the cross-
section of decarburized and undecarburized alloy steels. All 
alloy steels show a well defined decarburized layer and an 
increase in ferrite contents of the alloys. The thickness of 
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the decarburized layer increases with the increase in carbon 
contents as evident from the photomicrographs. However a 
deviation is foimd in some cases probably due to the varying 
percentage of carbide formers like Ni, Cr, Mo or W. 
Figixres 8.16 to 8.22 show the optical photomicrographs 
and scanning electron photomicrographs of the cross-section of 
undecarburized-oxidized alloy steels. There are three different 
phases in the scales. In all cases the oxide scales are adhe-
red to the matrix except in silver steel, which is due to the 
polishing artifacts. Figures 8.23 to 8.27 represent the 
optical photomicrographs and scanning electron photomicrographs 
of the cross-section of predecarburized-oxidized alloy steels. 
The oxides formed on the alloys under these conditions 
are similar to those obtained in undecarbiirized-oxidized 
alloys though more thicker, poroujs and fragile. The porosity 
and fragility of the scales are perhaps responsible for higher 
oxidation rates. 
8.1.3 Microstructure of Alloy Steels 
Figures 8.5 to 8.7 show some typical microstructures 
of the cross sections of alloy steels in as cast condition. 
A photomicrograph of diecast steel (12 '/• Cr - 2 '/. C by 
weight) shows the presence of white flakes of graphite and 
CryC^ embeded in a pearlitic matrix Figure 8.5- Silver steel 
(1 */. C - 1 •/. Cr) contains a structure in which carbides of Fe 
Fig. 8,5 Photomicrograph of a cross section of 
undecarburized die steel. X 120 
Fe^C (light) 
Fig. 8.6 Photomicrograph of a cross section of 
undecarburized EN-24 steel. X 120 
Carbide di 
dispersion 
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and Cr are dispersed in a pearlitic matrix and EN-31 
(1 '/ C - 1 •/. Cr) has Cr^C^ at grain boundaries in a pearlitic 
matrix. EN-24 (Ni-1.5, Cr-5, C-O.h'^ ) shows dispersion of 
spheroidal Cr^C^ and lamellar pearlite in a ferritic matrix 
(Fig. 8.5). EN-9 '/» C) shows a pearlitic structure 
(Fig. 8.7). Mo-containing high speed tool steel (W-5, Cr-4) 
C-0.&, V-2 and Mo-5) in as cast condition shows a fine dis-
persion of the carbides of W, Mo and Cr in a ferritic matrix. 
1 8 ; ( W , Cr, V) high speed steel containing 0.75 '/• C shows 
a fine dispersion of carbides in a ferritic matrix. EN-36 
containing 3 Ni, 1 '/• Cr and 0.2 '/. C shows fine dispersion 
of CryC^ in a pearlitic matrix. 
8.1.^ Morphology of Oxide Scales 
8.1.4.1 Oxidized alloys 
Figure 8.8 shows a cr-oss section of silver steel 
decarburized in H^-H^O atmosphere at 900°C for 2 hrs. A well 
defined decarburized zone is present at the metal interface. 
The decarburized layer is ferritic in nature. The undecar-
burized matrix, contains dispersion of CryC^ in a ferritic 
matrix, the Fe^C contents are considerably lowered on decar-
burization. A cross section of decarburized EN-31 steel 
shows the presence of a thin decarburized layer at the metal 
interface followed by a carbide rich layer. In the middle 
of the specimen, polygonal grains of carbides are gulfed in 
a ferritic matrix (Fig. not shown). Decarburized alloy steel 
Pearlite 
Fig. 8.7 Photomicrograph of a cross-section of 
undecarburized EN-9 steel. X 120 
Decarburized 
zone 
Fe^C+pearlite+ 
Fig. 8.8 Photomicrograph of a cross-section of 
silver steel, decarburized at 900^0 for 
2 hrs. X 120 
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SN-24 shows a well defined decarburized layer, the photomicro-
graph (Fig. 8.9) indicates extensive decarburization, the 
mdecarburized zone contains dispersion of carbide in a ferri-
tic matrix. Figure 8.10 shows the SEM picture of the matrix 
of decarburized alloy. The presence of carbide particles is 
clearly shown. Decarburized alloy steel EN-9 shows uniform 
decarburized layer at the alloy interface (Fig. 8.11). The 
undecarburized zone shows dispersion of cementite in a ferri-
tic matrix. Figure 8.12 shows a photomicrograph of a cross 
section of decarburized high speed steel containing Mo and V. 
Although no well defined decarburized layer is present but 
there is depletion of carbide in the vicinity of alloy inter-
face. Beyond this zone, there is a dispersion of carbides in 
the ferritic matrix. The microstructure of decarburized 
18:4:1 (W:Cr:V) high speed steel is very similar to the low 
tungsten high speed steel mentioned above (Fig. 8.13). 
Figure 8.14 shows a cross section of decarburized EN-35 steel. 
On comparison with the microstructure of undecarburized alloy, 
it appears that some decarburization has occurred although a 
decarbvurized layer is missing. The decarburized alloy shows 
the dispersion of carbide in a ferritic matrix (Fig. 8.15). 
The decarburized die-steel shows a thin carbide depleted zone 
at the alloy interface. The area beyond this zone contains a 
dispersion of carbides in a pearlitic matrix. 
Figure 8.16 shows a photomicrograph of a cross-section 
Decarburized 
zone 
Pearl ite+CryC^ 
Fig. 8.9 Photomicrograph of a cross-section of 
EN-24 steel, decarburized at 900^0 
for 2 hrs. X 120 
Carbides 
Fig. 8.10 SEM picture of EN-2^ steel, 
decarburized at 900°C for 
2 hrs. X 1000 
Decarburized 
zone 
Fig. 8.11 Photomicrograph of a cross-section of 
EN-9 steel, decarburized at 900^0 for 
2 hrs. X 120 
Decarburized 
zone 
Fig.8.12 Photomicrograph of a cross-section of 
HSS (6-W), decarburized at 900°C for 
2 hrs. X 120 
Decarburized 
layer 
Fig. 8.15 Photomicrograph of a cross-section of 
HSS (18-W), decarburized at 900°C for 
2 hrs. X 120 
Austenite+ 
Fe^C and CryC^ 
Fig, 8,14 Photomicrograph of a cross-section of 
EN-36 steel, decarburized at 900 C for 
2 hrs. X 120 
Carbides 
Fig. 8.15 SEM picture of EN-35 steel, 
decarburized at 900^0 for 
2 hrs. X 2000 
FeO.Cr20^ 
Cr20^(dark grey) 
Cr^C^(grey) 
Fe^C (light) 
Fig. 8.16 Photomicrograph of a cross-
section of die-steel, oxidized 
at 900°C for 6 hrs. X 60 
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of die-steel oxidized at 900°C for 6 hrs. The oxidized 
alloy contains 2~layered scales which are adhered and relati-
vely uniform. The inner poroxas scales and outer scales 
contain Cr^O^ (dark grey) and FeO.CrgO^ (light) respectively. 
Inclusions of FeO in the inner scales and that of Cr20^ in 
the outer scales are also noted. The carbide dispersion 
remain unaffected dixring oxidation. Figure 8.17 shows a 
cross section of the silver steel oxidized in oxygen at 900°C. 
The alloy seems to oxidize at a rapid rate and extensive dis-
ruption of the scales occur due to decarburization. The frag-
mentation of the alloys is also observed. A ferritic zone 
containing dispersion of carbide particles is present at the 
alloy/scale interface. Like silver steel, EN-31 oxidizes at 
rapid rate and scales have similar morphologies although the 
substrate has a pearlitic structure (Fig. 8.18). Figure 8.19 
shows a photomicrograph of oxidized EN-24. Relatively thick 
scales are appeared in the form of stratified layers, the 
inner layer contain FeO.Cr^O^ and the outer layer? contain 
mainly iron oxides. Due to decarburization during oxidation 
the layers are separated providing extensive gaps in between 
the layers. The carbides have higher concentration at the 
scale/alloy interface than the middle portion of the oxidized 
specimen. EN-9 steel seems to oxidize by a considerably high 
oxidation rate and shows the inner scales are rich in chromiiAm 
(Fig. 8.20). The oxidized (6W-5Mo) high speed steel forms 
multilayered porous scales (Fig. 8.21). The inner scales 
FeO.Cr^O^ 
Fig. 8.17 Photomicrograph of a cross-
section of silver steel, oxidized 
at 900®C for 8 hrs, X 60 
Fe203 
'd^Ms FeO+Cr205 
Fig, 8.18 SEM picture of EN-51 steel, 
oxidized at 900°C for 8 hrs. 
X 200 
it"'. , ».. • mMLC 
FeO.Cr203 
Oxides of Cr and Mo 
Fig, 8.21 Photomicrograph of a cross-section of HSS (6-W), oxidized 
at 900°C for 17 hrs. X 60 
Fig. 8.22 Photomicrograph of a cross-section 
of HSS (18-W), oxidized at 900°C 
for 24 hrs. X 60 
Oxides of 
Cr and W 
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contains oxides of W, Mo, V and Cr followed by iron oxide 
layers containing inclusions of Cr^O^. The carbide density 
in the alloy matrix is considerably reduced on oxidation. 
The substrate has dispersion of spheroidal carbides in a 
ferritic matrix. The oxidized 18:4:1 (W, Cr, V) high speed 
steel shows interesting scale morphology (Fig. 8.22). The 
outer scales appear in the form of an uniform semi-porous 
oxide scale adhered to a relatively thick scale band of 
in which Cr^O^ is also incorporated. This inner oxide band 
seems to act as barrier against oxidation. The outer scales 
contain FeO in which Cr^O^ is present as inclusions. The sub-
strate show fine dispersion of carbides in a ferritic matrix. 
In EN-36 steel, decarburization during oxidation results in 
the fragmentation of the alloy scale moreover due to the 
separation of the scales the fresh alloy exposed to oxygen 
and oxidized at a faster rate, protrusion of alloy is observed. 
The matrix is ferritic with dispersion of carbides. The small 
voids in the substrate are perhaps inherent in the alloy during 
casting. The inner oxide scales are rich in Cr20^ but are 
incorporated with Fe^O^/Fe, the outer most scales contain 
8.1.4.2 Predecarburized-Oxidized Alloys 
Figure 8.23 shows a cross section of predecarburized 
oxidized die-steel. The predecarburized steel seems to oxidize 
at a much lower oxidation rates than the \jindecarburized alloy. 
Fig. 8.23 Photomicrograph of across-section of 
predecarburized die steel, oxidized 
at 9000c for 9 hrs. X 120 
Decarburized 
zone 
FeO.Cr203 
li^t matrix 
Fig. 8.2^ SEM picture of predecarburized 
silver steel, oxidized at 900^0 
for 9 hrs, X 150 
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The scales of the predecarburized-oxidized steel are thinner 
and much more fragile and lost contact from the substrate 
during polishing. In the variety of alloy/scale interface, 
the substrate structure is ferritic and perhaps represent 
decarburized layer. This is followed by a zone which is 
pearlitic in nature. Both the zone contains dispersion of 
Cr^C^ and Fe^C. Figure 8.24 represents scanning electron 
micrograph of a cross section of a decarburized oxidized 
silver steel. The substrate structure is largely pearlitic 
containing grey ceraentite in considerable portion. Due to 
decarburization the FeO-Cr^O^ porous scales are detached from 
the matrix, this gives rise to higher oxidation rates. EN-31 
forros multilayered copious scales in which inner scales are 
richer in chromium and outer scales contain oxides of iron 
Fe^O^/Fe^O^. While comparing with undecarburized oxidized 
alloy, the concentration of pearlite is much lower and it has 
almost a ferritic structure. 
During oxidation of predecarburized EN-24 alloy, the 
entire decarburized layer is consumed and the substrate has 
a ferritic matrix in which carbides are embeded. The scales 
are detached from the alloy as a result of decarburization 
during oxidation. main constitual of thick 
but porous inner scales, the outer layers of the external 
scales contain which NiO is incorporated (Fig. not 
shown). The scales on decarburized-oxidized EN-9 contain 
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inner layer of FeO and the outer layers contain the 
middle layers which comprises the bxjlk of the scale contain 
Fe^O^. The alloy is oxidized profijsely due to decarburiza-
tion during oxidation. FeO scales formed initially are 
disrupted and fresh alloy is exposed to oxygen. The substrate 
structure is pearlitic, the decarburized layer of the decar-
burized alloy is totally consumed during oxidation. A uniform 
decarburized layer is present in the oxidized predecarburized 
6W-5MO high speed steel and this followed by a carbide disper-
sed ferritic matrix (Fig. 8.25). This goes to show that dioring 
oxidation, the decarburized layer present in the predecarburized 
alloy remains intact. Figure 8.26 shows a scanning electron 
photomicrograph of a cross section of the predecarburized-
oxidized 18:0.75:1 (W,C,V) high speed steel. Multilayered 
scales in the form of band structure are formed. The inner 
seal es shows crystals of WO^ admixed with FeO and Cr20^ this 
is followed by Cr20^ scales the outer layers contain oxides 
of iron. The adhered scales are seemed to be responsible for 
relatively lower oxidation rates of the alloy. The matrix 
shows fine dispersion of carbides. The predecarbijrized-
oxidized EN-36 forms relatively thick scales which are porous 
and separated from the alloy. The inner scales are richer in 
Cr^O^ and the outer scales contain Fe„0, in which Cr^O, is 2 5 2 3 2 3 
incorporated. The alloy matrix shows dispersion of carbides 
in a coarsened ferritic matrix. During oxidation, the decar-
- V* 
Qecarburized layer 
carbides 
Fig. 8.25 Photomicrograph of a cross-
section of predecarburized 
HSS (6-W), oxidized at 900°C 
for 9 hrs. X 120 
FeO.Cr20^ 
Cr203 
FeO. WO: 
Fig. 8.26 SEM picture of predecarburized 
HSS (18-W), oxidized at 900°C 
for 9 hrs. X 400 
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bxarized layer of the decarburized alloy seems to be comple-
tely consumed. 
8.2 Discussion 
The oxidation of low alloy steels e.g. EN-9, EN-24, 
EN-31, EN-56 and silver steel, high speed tool steels (low 
and high tungsten) and cold die-steel in one atmospheric 
oxygen at 900°C proceeds by a diffusion controlled mechanism 
2 
as indicated by the linear nature of weight gain vs time 
plots. The increasing oxidation rate sequence for the diffe-
rent alloys is as follows : 
EN-9 > EN-31 > Silver Steel > EN-24 > EN-36 > 
6w-A^Cr-5Mo-2V-0.8C high speed steel > cold die 
steel > 18W-4Cr-lV-0.75C high speed steel 
18:4:1 high speed steel and cold die steel have the lowest 
oxidation rates and EN-9 and EN-31 have the highest oxidation 
rates. The alloy phase structiare and the morphology of the 
oxide scales seem to influence the oxidation rates of the 
alloys. The alloy forming chromia scales and containing dis-
persion of carbides in the matrix have relatively lower oxida-
tion rates. These alloys do not either undergo decarburizaticn 
or to a very little extent. It has been established that the 
presence of carbide dispersions could restrict the mobility of 
carbon. Thus the high speed steels and die steel have 
nearly homogeneous and dense dispersion of transition metal 
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carbides which restricts the transport of carbon during oxi-
dation, the Cr^O^ which forms the inner layer of the scale 
are not disrupted and largely remain adhered to the alloy 
surface. These two factors contribute mainly toward in dec-
lining the oxidation rates of the alloy steels. The plain 
carbon steel (EN-.9) or low chromium steels (EN-24,-31 and-36) 
form copious oxide scales mainly containing oxides of iron. 
These alloys do not form protective chromia scales due to the 
presence of insufficient amount of chromium and are subjected 
to decarburization. The evolution of carboneous gases during 
oxidation results in the disruption,cracking and fragmentation 
of the oxide scales which eventually led to the separation of 
alloy and oxide scales. When the ruptured scales are separa-
ted the fresh alloy is again exposed to 02(g) and it oxidizes 
at a faster rate. The morphology of the oxide scales supports 
this view point. 
Figure 8.27 shows a plot of parabolic rate constant, 
Kp vs (Cr+C) •/. for different alloys. With some exception the 
oxidation rate decreases with increasing (Cr+C) content, this 
indirectly indexed the influence of chromium carbides and 
other transition metal carbides on the oxidation rate of alloys. 
In general, plain carbon low alloy steels, high speed steels 
and die-steel decarburize in H2-H2O atmosphere at 900°C. Except 
high speed steels and die steel all the steels exhibit a well 
defined decarburized layer. The carbon losses noted during 
a k hr. decarburization run in H2-H2O atmosphere (Table 8.2) 
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Fig. 8.27 Plot of parabolic rate constant, Kp VS (Cr+C) '/. for 
different industrial steels. 
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follow the sequence : 
High speed steel (18 '/. W) < EN-31 < High 
speed steel (6 W) < EN-24 < silver steel < 
EN-9 < EN-36 die steel 
Interestingly, although high speed steels show high 
carbon losses during decarburization, no well defined decar-
burized layer is found. During decarburization in H2-H2O 
atmospheres, the carbide dispersion net work remain uneffected 
but the free carbon present in solid solution or as graphite 
is ranoved as CH^; alloys containing no or low carbide disper-
3ion-containing matrix show well defined decarburized layer. 
The decarburized layer is usually ferrite containing disper-
sion of carbides. It means that absence of a decarburized 
layer is not necessarily related to the decarburization rate 
or carbon losses during decarburization. 
Predecarburized steels follow a parabolic rate law 
during oxidation, however, in some cases breaks are observed 
2 
in weight gain vs time plots. The breaks in the oxidation 
kinetic curves are observed in case of EN-24, EN-36 and silver 
steels. The breaks in the oxidation curves can be explained 
on the basis of oxide scales morphology. Due to low Cr-contents 
and higher carbon contents, decarbxjrization during oxidation 
occurs which results in the ruptxire of otherwise protective 
scales. The scales are not only separated from the alloy but 
also intra-separated into different layers as revealed by the 
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scale morphology. An interesting observation revealed 
diiring oxidation study was the presence of a well defined 
ferritic layer/band at the alloy/scale interface of predecar-
burized-oxidized high speed and die-steel which was otherwise 
absent from the corresponding decarburized steel. The presence 
of such a layer is perhaps the result of rapid diffusion of 
Cr and other alloying elements, which undergo oxidation and 
forming protective oxides. This would create a depletion in 
Cr concentration at the alloy/interface resulting in the for-
mation of a ferritic zone. With some exceptions, the prede-
carburized alloys on oxidation follow the same oxidation seq-
uence as that observed during the oxidation of undecarburized 
alloys. The oxidation rates of the decarburized alloys are 
slightly higher than the undecarburized alloys. This could be 
explained on the basis of the oxidation of decarburized layer 
which is ferritic in nature, the layer oxidizes at a much higher 
rate than carbide dispersed ferrite layer present in the unde-
carburized alloys. Such a behaviour has also been reported in 
decarburized carbide dispersed Fe-5 '/• M-C alloys (where M is a 
transition metal) which oxidize at a much higher rate than the 
corresponding undecarburized alloys. However, a reverse beha-
viour has been observed in case of carbide-dispersed iron base 
sintered alloys where decarburized alloys have lower oxidation 
rates. In sintered alloys (Chapter IV), decarburization beha-
viour contributes three factors responsible for lowering the 
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oxidation rates namely, 
(i) the marked decrease in the porosity of the alloy ; 
(ii) production of a homogeneous and refined matrix 
structure ; and 
(iii) formation of a thin metal oxide film during decarburi-
zation which act as a barrier layer. 
CHAPTER IX 
CONCLUSIONS 
The following conclusions co\iLd be drawn from the 
studies described in this thesis. 
Chapter III [Decarbixrization and Oxidation of Fe-C Alloys] 
(i) The decarbuirized steels show well defined ferritic 
decarburized layers, the thickness of the decarburized 
layer increases with increase in alloy's carbon con-
tent, exposure time and temperature. 
(ii) The growth of oxides in oxidized plain Fe-C alloys 
or predecarburized-oxidized alloys is a diffusion 
controlled mechanism. 
(iii) At 700°C, Fe-1.2C alloy has the highest oxidation rate 
and Fe-O.lC has the lowest oxidation rate. However at 
higher temperatures, the situation is reversed i.e. 
Fe-O.lC alloy has the highest oxidation rates, 
(iv) At 900°C, the oxidation rate of the decarburized alloy 
decreases with increasing carbon content. 
Chapter IV : [Decarburization and Oxidation of Fe-IOMC alloys] 
(i) At 900°C, the carbide-dispersed iron-base sintered alloys 
oxidize by a parabolic rate law and the oxidation rates 
for the different alloys follow the sequence 
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VC > NbC > Cr^C^ > TaC > MoC > TiC > WC > Fe^C 
(ii) The oxidation and decarburization rates of the carbide 
dispersed iron-base alloys are dependent largely upon 
the nature of the carbide. The alloys containing 
strong carbide formers (W,V,Mo etc.) have considerably 
low oxidation/decarburization rates. 
(iii) The oxidation rates of the predecarburized carbide-
dispersed iron-base alloys are much lower than the 
corresponding undecarburized alloys. This has been 
attributed to the presence of a protective oxide film 
and a more refined substrate structure of the decar-
bwized alloys. 
Chapter V : [Decarburization and Oxidation of Fe-lOMC-O.lC-
20Cr alloys] 
(i) The alloys oxidized following a parabolic rate law 
indicating a diffusion controlled mechanism operating 
during oxidation. 
(ii) The oxidation rates of Fe-10MC-0.1C-20Cr alloys are 
always lower, than the corresponding Fe-IOMC alloys. 
The presence of a protective Cr^O^ layer seems to 
restricts the oxidation rates. 
Ilk 
Chapter VI : [Decarburization and Oxidation Fe-lOMC-O.lC-
1.0RE20^ alloys] 
(i) The addition of rare earth oxides lowers the oxidation 
rates of Fe-IOMC alloys either affecting the mobility 
of carbon or providing more adherent non porous oxide 
scales. 
(ii) The oxidation rates of Fe-10MC-0.1C-1.0RE20^ in unde-
carburized and decarbijrized states are much lower 
(about one order of magnitude) than the corresponding 
Fe-IOMC alloys but slightly higher than the 20 Cr-
containing alloys. 
Chapter VII : [Decarburization and Oxidation of Fe-IOMC-
O.lC-l.OMOg Alloys] 
(i) At 900°C, all the alloys oxidized by a parabolic rate 
law and the oxidation rates of undecarbxirized Fe-lOWC-
0.1C-1.0Zr02/Ti02 alloys are the lowest and the corres-
ponding NbC-containing alloys are the highest. 
(ii) Like RE20^-containing sintered alloys, Zr02/Ti02-
containing alloys in i:mdecarburized and decarburized 
states have oxidation rates much lower (1-2 order of 
magnitude) than the corresponding Fe-IOMC alloys. 
(iii) RE20^-containing alloys have slightly lower oxidation 
rates than the corresponding Ti02 or Zr02-containing 
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alloys. The former provide more adhered and compact 
scales and therefore, have better oxidation resistance. 
Chapter VIII : [Decarburization and Oxidation of Industrial 
steels] 
(i) Alloy phase structure and morphology of the oxide 
scales influence the oxidation rates of steels. 
(ii) Alloys forming chromia scales and containing carbide 
dispersion have lower oxidation rates. 
(iii) In general, with increase in Fe+C content there is a 
decrease in oxidation rate. 
(iv) Steels containing free carbon or carbon in solid solu-
tion are much prone to decarburization than steels 
containing carbon in combined forms as carbide. 
(v) Absence of a decarburized layer not necessarily indi-
cates a low decarburization rate. 
(vi) Decarburized alloys oxidize at a slightly higher rate 
than the undecarburized alloys due to the presence of 
a decarburized ferritic layer. 
SUGGESTIONS FOR FUTURE WORK 
The work, presented in this thesis was mainly concerned 
with the decarburization and oxidation studies of carbide-
dispersed iron-base sintered alloys in presence and absence 
of chromium or oxides of reactive elements like rare earth, 
Ti or Zr. The studies were first of its kind and could be 
the basis for the development of high temperature resistant 
materials derived from carbide strengthened iron-base alloys. 
The materials seem to have reasonable resistance against high 
temperature oxidation, good formability, ease of fabrication 
and of course, much less costlier than conventional high alloy 
steels, Ni or Co- base superalloys. These materials have the 
potentialities of applications in air craft and aerospace 
industries^nuclear power plants, chemical plants and energy 
conversion or generating units. However, more detailed studies 
and much more vigorous tests would be needed before these 
materials covild be put into trial for aforementioned applica-
tions. Besides carbides and oxides, nitrides-dispersed base 
materials also need attention for high temperature applications, 
Following are the suggestions for the future work which 
would be useful in case of further investigations : 
(i) More detailed study of the systems already investigated 
fully. The studies shoixLd be focussed on the actual role of 
carbides during oxidation and decarburization. Applications 
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of techniques such as electron probe microanalysis and ESCA 
would be helpful in providing useful informations regarding 
the mechanism of oxidation. 
(ii) The presence of various rare earth oxides in the 
alloys seems to be beneficial as far as oxidation of Fe-IOMC 
alloys is concerned but no definite mechanism is foxxnd to 
e2q)lain their role satisfactorily. Therefore, further studies 
will be needed to investigate the role of rare earth oxides. 
Similarly, the beneficial role of active oxide addition such 
as Ti02/Zr02 needs more investigation. 
(iii) The alloys woiild be tested under sim\d.ated conditions 
prevailed in industrial units. 
(iv) The alloys can be tested in S-containing or salt-
containing environments to study the effects of sulfidation 
or hot corrosion. 
(v) Besides, sintering technique which has been employed 
to fabricate the alloys used in studies described in this 
thesis, the carbide dispersion and/or active oxide dispersion 
could be achieved by diffusion casting. These alloys should 
also be tested in a similar ways as those adopted in case of 
sintered alloys. 
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